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CHAPTER 1

ECONOMIC BENEFITS OF SHRP RESEARCH

INTRODUCTION

State highway departments conceived and funded the Strategic Highway Research
Program (SHRP) to develop new technologies for designing and maintaining longer-lasting, safer
roadways. The Strategic program identified six magjor areas of research: asphalt, long-term
pavement performance, pavement maintenance, portland cement concrete and structures, snow
and ice control and work zone safety. The study concluded that successful completion of the
identified research would increase productivity of highway construction, reconstruction and
rehabilitation and maintenance and would improve safety on the nations's highways.

This report assesses the economic benefits of these six areas of research. The basisfor the
economic assessment is a computer model developed at the Texas Transportation Institute (TTI).
Thismodel is explained in Chapter 2.

REPORT ORGANIZATION
This report contains elght chapters and eight appendices. Chapter 3 through 8

address the six SHRP areas of research. The second chapter explains the SHRP products
produced, the approach to the economic assessment and the results of the economic assessment.



CHAPTER 2

METHODOLOGY FOR ASSESSING THE
LIFE-CYCLE EFFECTS OF SHRP PRODUCTS

GENERAL PROCEDURE

The recommended procedure for estimating the life-cycle benefits for a SHRP research
effort (project/product) includes the following activities.

1.

Calculate the change in motorist benefits and agency costs for one or more typical
implementation situations -- that is, for typical projects at one or more typical
locations/situations where results are expected to be implemented. Asthe
terminology is used here, benefits are usually of two types: (1) estimates of
reductions in user costs associated with use of a new SHRP product and (2)
estimates of reductions in agency costs associated with use of the new SHRP
product. Depending on the specific approach used, these calculations will entail
several assumptions and calculations as follows:

a Estimate or select service lives and/or analysis periods for each typical
implementation situation or situations.

b. Calculate agency costs with and without the use of the SHRP product for
different typical situations. These costs should include the project-specific
agency costs for this SHRP product, which are assumed to include all costs
of implementation that can be attributed to use of the product at a specific
location.

C. Calculate motorist benefits as changes in motorist costs with and without
the use of the SHRP product for different typical situations.

Estimate net benefit per implementation unit (e.g., mile of highway, location, ton,
bridge, etc.).

Estimate the potential maximum number of implementation units that can be
implemented and the time period over which implementation is assumed or
expected to take place.

Select an expected/assumed implementation rate and an implementation period
over which the research results are expected or assumed to be implemented.



5. Determine the research cost and non-specific-project implementation cost of the
research effort (SHRP project/product). Non-project-specific costs are assumed
to include, for example, general implementation costs at the federal, state and local
levels of government, such as costs for implementation section personnel and costs
of specia training and equipment that support overall implementation of the
specific SHRP product being anayzed.

6. Calculate the benefit-cost ratio for the SHRP project or product by dividing the
total benefits by the sum of research and implementation costs.

BENEFITSAT A LOCATION

To calculate the benefits at atypical location when the new research-generated idea or
approach will be implemented, select an analysis period, a discount rate and a technique for
calculating reductions in agency and/or motorist (or user) costs.

Analysis Period

The analysis period should be alength of time sufficient to bring out the important costs
and benefits being compared. This period may be the useful life of the improvement before it
must be totally replaced or may be the length of time for which atraffic forecast is available and
sufficiently trust worthy. For maor highway improvements, this time period typically is 20 to 40
years. For minor improvements, it usually is 10 to 25 years.

Discount Rate

Several recent studies recommend arelatively low real discount rate. The American
Association of State Highway and Transportation Officials Manual on this topic recommends a
rate of three to five percent. Since most benefits of research are to typical consumers (motorists),
it is appropriate to use arate that reflects the trade-off between the present and the future for
these consumers. For benefit-cost analysis using benefits expressed in constant, non-inflated
dollars, asin this study, researchers recommend that afive percent rate be used in calculating the
benefits of research.

If the present worth of a series of benefits or costsis constant in each year, the present
worth can be calculated using a uniform series present worth factor. If annual costs or benefits
are not constant over time, the uniform series factors cannot be used. It sometimes is necessary
to calculate the cost and benefit for each future year and discount each of these separately using
the single payment present worth factor.



Technique for Calculating Motorist Benefits

Motorist benefits for the improved situation a a location using the new idea can be
calculated as the reduction of the sum of the discounted present worth of motorist cost savings
over the analysis period. Motorist benefits include reductions in vehicle operating costs travel
time costs and accident costs calculated at atypical implementation location using the following
formula

N
PWMB = Y PW, (VOC,+TC +AC) (1)
t=1
where:

PWMB = present worth of motorist benefits for the new research idea
in one location where it isimplemented, calculated over the
analysis period,

N = length of the analysis period,

PW,, = single payment present worth factor for a discount rate i and
year t; = 1/(1+i),,

VOC, = the reduction vehicle operating costs for the improvement
using the new idea as compared to that the situation would
have been without the new idea (the base condition),

TC, = the reduction in time costs for the improvement using the
new idea as compared to what the situation would have
been without the new idea (the base condition), and

AC, = the reduction in accident costs for the improvement using

the new research idea as compared to what the situation
would have been without the new idea (the base condition).



NET BENEFITSPER IMPLEMENTATION UNIT
Net Benefitsat a L ocation
The net benefits (or net present value) for implementing research results at one location

can be calculated as the present worth of benefits, calculated using equation (1), and the increase
in cost from using the new research results:

NB = PWMB - (PWC, - PWC,) 2
where:

NB = the net benefits from implementing the research results at a
location,

PWMB = the present worth of motorist benefits at the location,

PWC, = the present worth of agency cost at the location after implementing
the research results, and

PWC, = the present worth of agency cost at the location before

implementing the research results.

The above formula assumes that the benefits and costs are estimated for a specific, typica
location where research results apply. The expression in parentheses represents the increase in
cost from using the research results. If there is a decrease in agency costs from implementing the
research results, this value in parentheses is negative, in which case the savings in agency costs
will be added to the present worth of benefits.

Some research efforts may yield research results that provide savings in agency costs but
do not affect motorist benefits. The net benefits can be calculated with equation (3) by setting

PWB equal to zero, in which case the equation (4) results and can be used to calculate the net
benefits as savings in agency costs.

NB = - (PWC, - PWC,), or

NB = PWC, - PWC, 3
where the variables are as defined previoudly. In making calculations of the benefits of research
using different implementation rates, it often is desirable to convert the present worth of benefits,

NB, to equivalent uniform annual benefits, EUAB, using the following definition.

EUAB = [crf(r,N)] x NB (4



where:

EUAB = equivalent uniform annual benefit for one location (net of project-
specific costs),

crf(r,N) = capital recovery factor for adiscount rate r and an analysis period
of N years, and

NB = present worth of benefits for one location, as defined previoudly.

Net Benefits Per |mplementation Unit

It may be convenient to convert the estimate of annualized net benefits, NB, to net
benefits per implementation unit, NBU, by dividing EUAB by the number of implementation units,
U, at the location, as follows:

NBU = EUAB/U (5)
where:

NBU = net benefits per implementation unit,

EUAB = annualized net benefits for the location, and

U = implementation units for the location for which research benefits are

caculated.

For example, the location for which net benefits are calculated may consist of 20 lane
miles of highway where the research results are implemented. It is desirable to convert the net
benefits to net benefits per implementation unit, by dividing by the number of lane miles, or 20
lane miles. In practice, it may be possible to smply calculate the net benefits for one standard
implementation unit
in the first place.

BENEFIT-COST RATIO FOR A RESEARCH AND IMPLEMENTATION EFFORT

To develop an estimate of total present worth of benefits for a research effort, two
assumptions are made: (1) an analysis period over which the research results are assumed to be
implemented is selected; and (2) an implementation rate for each year of that analysis period is
assumed. Given thisinformation together with the previoudly calculated benefits per



implementation unit, the total present worth of benefits for an implementation effort is cal culated
asfollows:

K
TPWB = Y  {RxMxNBU} (6)
t=1
where:
TPWB = total present worth of benefits for aresearch effort,
K = the length of the implementation period over which research results

are expected to be implemented,

R, = the rate (or cumulative proportion) of implementation units that are
expected to be implemented through year t of the analysis period,
and

M = the number of implementation units (e.g., lane miles of highway) for

which the research results may be implemented, and

NBU = the equivalent uniform annual benefits per implementation unit, as
defined previoudly.

The benefit-cost ratio for a research and implementation effort can be calculated by
dividing the total present worth of benefits by the total cost of research and implementation for
the research effort.

B/C = TPWB/(RC+IC) (7)
where:
B/C = the benefit/cost ratio for the total research and implementation
effort,
TPWB = total present worth of benefits for a research effort (SHRP

project/product) over the entire analysis period,

RC = the cost of the research effort, and



O
I

the cost for implementing the results of the research effort (not
including the project-specific costs that were considered in
calculating net benefits per implementation unit).

An dternative formulathat represents the benefit-cost ratio for the research effort alone
can be calculated by subtracting the implementation cost from the numerator instead of adding it
to the numerator:

B/C

(TPWB-IC)/RC (8)

where each variable is as previoudy defined.

In estimating the benefits of different SHRP research efforts, it was necessary to make
assumptions about R, the rate (or cumulative proportion) of implementation units that are
expected to be implemented through year t of the analysis period. In most cases, three different
implementation scenarios apply. For example, it might be assumed that the implementation rate in
the first year of the analysis period is quite low, typically 0.01 (or one percent) and increases to
0.50, 0.75, or 1.00 in the last year of the analysis period, depending on the scenario. An
implementation rate of 1.0 (or 100 percent) represents full implementation of the research results,
meaning the results are expected to be used in al potential implementation units (that is, all M
units).

Calculation of PWB Using MicroBENCOST

In evaluating SHRP research projects/products, the MicroBENCOST computer program
usually calculates the present worth of benefits for one implementation unit. This computer
program is especialy useful in this effort because it can be used for severa different types of
projects, including those that are expected to result in improvements in the serviceability index for
pavements. The MicroBENCOST computer program represents an update, extension, and
computerization of the American Association of State Highway and Transportation Office
(AASHTO) procedure for benefit-cost analysis. A detailed description of the program is provided
in appendix of this report.

The existing default data set for MicroBENCOST (Version 1.0, Revision A) was used
except for updating the values of time and accident costs from 1990 to 1995 values. The updated
values for these data items are shown in Tables 1, 2, and 3.



Table 1.

Table 2.

Table 3.

Values of Time for Passenger Vehicles

Vehicle Description

Valueof Time
($/per son-hour)

Passenger Vehicles

Small Passenger Car $11.51
Med./Large Passenger Car $11.51
Pickup/Van $11.51
Buses $12.56
Vaues of Time for Trucks
Vehicle Description Value of Time
($/vehicle-hour)
2-axle Single-unit Truck $14.87
3-axle Single-unit Truck $17.75
2-S2 Combination $22.13
3-S2 Combination $24.56
2-S1-2 Combination $24.56
3-S2-2 Combination $24.56
3-S2-4 Combination $24.56
Accident Costs
Accident Severity Cost per
Accident

Fatal Accident $2,709,000.00

Injury Accident $24,800.00

Property-damage-only $2,100.00

Accident




CHAPTER 3

LIFE CYCLE EFFECTSOF SHRP ASPHALT PRODUCTS

BACKGROUND

The United States spends about $15 billion annually on hot mix asphalt ($10 billion by the
private sector). Thisis approximately 11 percent of total expenditures of $90 billion annualy by
the country’s public highway agencies. Despite this large spending level on hot mix asphalt and
the fact that more than 90 percent of our nation’s hard-surfaced highways are paved with asphalt,
relatively low levels of funding are spent on asphalt binder and asphalt-aggregate mixture research
and development.

Problems with asphalt pavement performance, including rutting, fatigue cracking and low
temperature cracking were influential in directing the SHRP research program to provide
improved pavement performance by increasing the understanding of the chemical and physical
properties of asphalt binders and hot mix asphalt materials.

This chapter assesses the benefits of the SHRP asphalt products which include the binder
specifications, al levels of mixture design and characterization and Superpave performance
modeling. This section briefly presents a qualitative assessment of the asphalt products. Thisis
followed by more quantitative assessments based on case studies. Five case studies are presented:
(1) the Texas Experience, (2) the Georgia Experience, (3) the Nevada Experience, (4) the
Nationa Center for Asphalt Technology Study and (5) the Zhang and Huber Study. Four of the
case studies specifically address the binder specifications since binder specifications are the only
SHRP asphalt product with sufficient time exposure for practical field evaluation.

The case studies provide insight for a realistic quantitative evaluation of the life cycle
benefits of the SHRP binder specifications. No quantitative estimate was made of the effects of
mixture testing or performance modeling due to the limited field exposure of these products.
With the case studies as background, we estimate that the performance life of an asphalt surface
mix will be increased by 50 percent from an average life of 8 yearsto an average life of 12 years.

The final section of this chapter is entitled “ Cost Savings of Improved Binder
Specifications’. Thelife cycle cost analysis presented in this section is based on the
MicroBENCOST computer model and assumes alife cycle cost increase of 50 percent.
Qualitative Assessment

The Superpave system brings together performance based asphalt materials

characterization and design environmental conditions to improve pavement performance by
controlling rutting, fatigue cracking and low temperature cracking. The four major components of
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Superpave are the asphalt binder specifications, mixture design and analysis system and a
computer software system.

The Superpave asphalt binder specifications provide the ability to evaluate fundamental,
performance related properties of binders at the temperatures and rates of loading which actually
occur inthefield. Thisisfar different from either the penetration or viscosity based specifications
for asphalt binders. The greatest improvement is that the SHRP binder specifications assess each
distress mechanism at the temperature and rate of loading deemed critical for a specific
environment. This, within itself, isamajor and significant advancement over the traditional
penetration or viscosity based specifications.

The Federal Highway Administration (FHWA) has promoted an aggressive program for
implementation of the binder specification tests and the mixture design. This program is designed
to aid in the effective transition toward the asphalt tests in a reasonable time frame.

Asphalt Binder Testing

The FHWA implementation program includes six mgjor initiatives which will speed and
assist the implementation of SHRP binder specifications.

° The purchase and loan of binder test equipment to asphalt user-producer
groups for training and testing.

° The pooled fund effort in which states have pooled Federal-aid research
money to purchase sets of testing equipment for Superpave binder and
mixture specifications. In this effort contracts were awarded for equipment
fabrication and delivery to the 52 participating agencies.

° The establishment of training courses in testing and analysis of data.

° The expansion of the Mobile Asphalt Laboratory to include the principles
of Superpave volumetric mix design.

° The establishment of Superpave regional centers.

° The continuation of user-producer group coordination meetings.

Based on the FHWA implementation effort, it is reasonable to assume that the SHRP
binder specifications will be fully implemented by all states within the next three to five years. At
this level of implementation, considerable savings in the performance of asphalt pavements are
expected.

Asphalt Mix Design
The FHWA program will also speed and assist in the implementation of the volumetric and
level 1l and level 111 mix design programs. However, the implementation of these programs may

be considerably longer than for the binder programs, perhaps three to ten years. Thisis based on
severa factors:
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° the refinement of equipment and testing protocol still underway;

° further development and refinement of the Superpave performance models,
and
o the complexity of mixture design compared to the relative simplicity of neat

binder characterization.

TEXAS EXPERIENCE
Asphalt Sourcesin Texas and Associated PG Grades

The Texas Department of Transportation (TXDOT) has used the SHRP binder tests to
characterize and grade the asphalts typically produced in Texas. Table 4 presents the
performance grades of 1ab blended and production asphalt binders typically used in Texas. Table 4
lists 12 production asphalt binders used in Texas with the viscosity grade of AC-20. Seven of the
12 AC-20 production asphalts are listed as PG-64 binders. The remaining five are listed as PG-58
which is one high temperature grade level lower than PG-64.

Selection of Binder to Meet High Temper atur e Perfor mance Requirements

Based on Table 4, if aPG-64 grade asphalt is required in Texas for high temperature
performance, use of an AC-20 viscosity grade binder selected randomly from the 12 different
suppliers will provide one PG grade level lower than that required for acceptable high temperature
performance approximately 42 percent of the time. This use of one high temperature grade level
lower than what is specified will result in a greater likelihood of pavement distress in the form of
permanent deformation or rutting.

Obvioudly, refineriesin various locations will endeavor to produce asphalts to meet the
demands of the area. However, the point of this discussion is that selection of an asphalt based
solely on viscosity or penetration grading is not definitive enough in terms of the rheological
properties needed to assess performance.

According to SHRP specifications, a RTFOT aged binder must have a value of the
parameter G™ /sin § of at least 2.2 kPa at the design high pavement temperature. This design high
pavement temperature is determined by Superpave based on the average of the seven hottest days
of the year. If one uses atypica generalized Burger model (Huang, 1993) for the viscoelastic
response of asphalt binder, and if one applies time-temperature superposition to account for the
temperature difference at which the value of 2.2 kPais achieved, it is apparent that a PG-58
binder, if it meetsthe G*/ sin § criteria exactly at 58° C, will have a significantly lower value of
G’/ sin & when tested at the design pavement temperature (i.e., 64°C). The mathematical
caculations indicate that the reduction in G*/sin & will be about 50 percent. This mathematical
approximation was verified by looking at typical dynamic shear rheometer data for severa
asphalts in the PG-58 to PG-64 range. The data indicate that a realistic approximation is that the
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Table 4. TxDOT SHRP Testing Results on Production and Lab Blended Asphalt Binders

Material Production or Laboratory | SHRP Performance Grade
Blended
Calumet AC-20 Production PG 58-34
Calumet AC-30 Production PG 64-28
Calumet 30L3% Lab Blended PG 64-28
Calumet 45P Lab Blended PG 64-28
Chevron AC-5 Production PG 52-28
Chevron AC-10 Production PG 58-28
Chevron AC-20 Production PG 58-28
Chevron 20L 3% Lab Blended PG 64-28
Coastal AC-5 Production PG 52-28
Coastal AC-10 Production PG 58-28
Coastal AC-20 Production PG 64-22
Coastal 5L2% Production PG 58-28
Coastal 5L3% Production PG 58-28
Coastal 10L2% Production PG 58-28
Coastal 20L3% Lab Blended PG 76-22
Cosden AC-10 Production PG 58-22
Cosden AC-20 Production PG 58-22
Cosden 5L 2% Production PG 52-22
Cosden 10L 3% Production PG 58-22
Cosden 20L 3% Lab Blended PG 64-22
EAP MG-10/30 Production PG 58-22
EAP MG-20/40 Production PG 64-22
Ergon 45P Production PG 64-22
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Table 4.

TxDOT SHRP Testing Results on Production and Lab Blended Asphalt Binders

(cont’d)
Material Production or Laboratory | SHRP Performance Grade
Blended

Exxon AC-5 Production PG52-2
Exxon AC-10 Production PG 52-28
Exxon AC-20 Production PG 58-22
Exxon 20L3% Lab Blended PG 64-22
GSA AC-5 Production PG 52-28
GSA AC-20 Production PG 64-22
GSA 20L3% Lab Blended PG 64-22
GSA 15P Production PG 58-28
GSA 30P Production PG 64-22
GSA 45P Production PG 64-22
GSA EVA Production PG 58-22
KM AC-5 Production PG 52-28
KM AC-10 Production PG 58-28
KM AC-20 Production PG 64-22
Koch 15P Production PG 58-28
Koch 45P Production PG 70-28
Lion AC-10 Production PG 58-28
Lion AC-20 Production PG 58-22
Lion 20L3% Lab Blended PG 70-22
NW AC-5 Production PG 52-34
NW AC-10 Production PG 58-28
NW AC-20 Production PG 64-28
NW 30L3% Lab Blended PG 64-22
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Table 4. TxDOT SHRP Testing Results on Production and Lab Blended Asphalt Binders
(cont’d)
Material Production or Laboratory | SHRP Performance Grade
Blended
NW 15-5TR Production PG 58-28
Shamrock AC-10 Production PG 58-22
Shamrock AC-20 Production PG 64-22
Shamrock 5L 2% Production PG 58-22
TFA AC-10 Production PG 58-28
TFA AC-20 Production PG 64-22
TFA AC-30 Production PG 64-22
TFA 5L2% Production PG 58-28
TFA 10L2% Production PG 58-28
TFA 20L2% Production PG 70-22
TFA 15-5TR Production PG 64-28
Total AC-5 Production PG 52-28
Total AC-10 Production PG 58-22
Total AC-20 Production PG 64-22
Total 20L3% Lab Blended PG 70-22
Trumbull 5L2% Production PG 52-28
Trumbull EVA Production PG 64-22
West Houston AC-2 Production PG 64-22
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G*/ sin & value decreases by approximately 50 percent for every 6°C increase in testing
temperature.

Anderson and Kennedy (1993) presented data which relate G*/sin § to rut depth based on
testing accomplished with the Hamburg device, Figure 1. According to these data, a reduction of
G*/sin & for a binder when tested at 60° C and at 10 rad/sec from 2.2 kPato 1.5 kParesultsin a
rut depth increase of from about 65 mm to about 150 mm. These data are based on 20,000 cycles
of the Hamburg device at 50° C. If one continues to evaluate the changes in rutting based on
changesin G*/ sin 0, it is apparent that a rutting potential approximately doubles for each 50
percent reduction in G*/ sin & and hence for each 6° C increase in test temperature. Therefore,
based on typical and realistic data, missing the desired high temperature performance grade by one
level (i.e., supplying a PG-58 in lieu of a PG-64) can result in significantly larger rut depths.

Table 5 presents G*/sin 6 v. temperature for al available data on sources of AC-20 binders
in Texas. Based on these data and on the reduction of G*/ sin 6 with increase in temperature, a
reasonable assumption for an approximate analysis of the effects of binder selection on rutting
performance is that a 6° C increase in temperature increases rutting potential by 100 percent, a
40°C increase in temperature increases rutting potential by 67 percent and a 2°C increasein
temperature increases rutting potential by 33 percent. Obvioudly, rutting at high temperature is
primarily controlled by mix characteristics and not binder properties. Therefore, this relative
approximation of the effects of the binder is dependent on the mix used and is only a very rough
approximation. Furthermore, if amix is designed to be rut-resistant based on its aggregate matrix,
the ultimate rutting may be very little, i.e., 5-mm or less. Therefore, a 33 percent increase is still a
very low level of rutting, i.e., 6.7-mm.

Selection of Bindersto Meet Low Temper atur e Perfor mance Requirements

SHRP criteriarequire a binder to have a stiffness of less than 300 MPA and a slope of the
stiffness versus time of loading curve of no more than 0.30 at 60 seconds of loading using the
Bending Beam Rheometer (BBR) when tested at the design, minimum pavement temperature.
Kandahl et al. (1995) verified that these are reasonable criteria based on the performance of six
AC-20 asphalt cements in Pennsylvania. Performance of these six projects was monitored over a 7-
year period.

Data from these six projects are listed as T1 through T6 in Figure 2. This figure presents
the binder stiffness value on the ordinate and the slope, m, on the abscissa. If the locus of these
two points for any binder plot falls within the dashed box, cracking should not occur with at least a
50 percent level of reliability in this climatic area of Pennsylvania. Pavements T1 and T5 cracked
severely and within a period of afew months. Pavements T3 and T4 cracked longitudinally but did
not demonstrate transverse cracking typical of thermally-induced cracking.

Although sufficient data are not available to predict the frequency or severity of transverse
cracking based on BBR relative test results, one can judge that meeting BBR criteria at the lowest
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Table5. Relationship Between G*/sin  for Typical Asphdlts.

G*/sin 8 (RTFO Residue) kPa
Temperature, C | Citco AC-10 Citco AC-20 Texaco AC-20 | SBS-Modified
AC-10
58 7.36 13.10 5.00
64 3.33 6.00 2.25
70 155 2.78 1.00
76 0.75 131 1.12 5.26
82 291
88 1.63
94 0.15 0.92

winter (design) temperature at a 50 percent reliability level can make a difference between severe
thermal cracking and no significant cracking. Since the stiffness of the binder islogically related to
severity of thermal cracking, and thisis demonstrated in Figure 2 of the Pennsylvania data, higher
degrees of reliability should be associated with lower levels of severity of thermal cracking. The
selected scale for evaluation isthat if the low temperature PG grade is above the 50 percent
reliability low temperature, the potential for thermal cracking is severe. If the low temperature PG
grade is one standard deviation below the 50 percentile low temperature, the potential for thermal
cracking is moderate, and if the low temperature PG grade is two standard deviations below the
50 percentile low temperature, the potential for thermal cracking is very low.

Selection of Bindersto Meet Intermediate Temper atur e Perfor mance Requirements

In order to meet PG grade requirements, a binder must have avalue of G* sin & below 5
MPa at the design intermediate pavement temperature. This parameter is the shear loss modulus
and was shown by Hicks et a. (1993) to be directly related to dissipated energy during controlled
stress flexural fatigue testing. Hicks et a. (1993) presented a relationship between G* sin 6 and
number of cyclesto fatigue failure. This relationship is shown in Figure 3 and was used as an
approximate prediction of the effect of variation in G* sin & on flexurd fatigue life,

TxDOT Assessment of Reliability of Current Methods of Binder Selection

In a separate analysis, Mr. Darren Hazlett of the Materials and Tests Division of TXDOT
estimated that 25 percent of the use of asphalt bindersin Texasis not correct for the
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environmental conditions of the location. Although this 25 percent is an estimate, it is supported
by data from 396 weather stations in Texas where the effect of selecting one “lesser” performance
grade (i.e., PG-58 in lieu of PG-64) for high temperature performance and one lesser performance
grade (i.e., PG-m-16 in lieu of PG-m-22) for low temperature considerations was evaluated. This
effect is represented in Table 6 where such data are taken for 16 representative weather stations
throughout the State of Texas from the list of 396 stations. Here it can clearly be seen that the
selection of one lesser grade has a very substantial effect on the confidence level.

For example, in the case of the Alice weather station in Jim Wells County, the required
PG high temperature grade is 64 for a 98 percent reliability. Selection of one lesser high
temperature grade reduces the confidence level of selecting the correct binder from 98 percent to
1.83 percent. For the same station, using one lesser grade low temperature binder decreases the
confidence level from 98 percent to only 50 percent.

A more definitive example of the effect of proper binder selection to avert low
temperature problems in the Texas Panhandle was also articulated by Hazlett. This area of the
state predominately uses asphalt from one producer. The PG grade of this AC-20 is PG 58-22.
For Amarillo, this yields confidence limits of 68 percent and 82 percent for distresses associated
with high and low temperatures, respectively. For Dahart, also in the Panhandle where thermal
cracking is along-time and severe problem, the corresponding confidence limits are 70 percent
and 60 percent for distresses associated with high temperature and low temperature, respectively.
This means that Superpave predicts a very high likelihood of thermal cracking for the binder
normally used in this area. According to Hazlet, the expected life of pavementsin the Amarillo
and Dalhart areas are 5 and 1.5 years, respectively.

The conclusion is that with the asphalt binders currently produced in Texas, random
selection of abinder based solely on viscosity grading is likely to result in either high temperature
distress or low temperature distress or both.

A closer study of the 396 weather stations in Texas reveals that for a 98 percent
confidence level 62 locations require a high temperature PG grade of 70, 366 require a high
temperature PG grade of 64 and the other 9 require a high temperature PG grade of 58. For 95
percent confidence the respective numbers are 21 for PG-70, 366 for PG-64 and 9 for PG-58. A
statistical evaluation of data from the 396 weather stations reveals that providing one lesser high
temperature grade level results in an average confidence level of only about 28 percent.

Based on the data from the 396 stations in Texas, at the 95 percent confidence level, 98
percent require a high temperature grade level of at least PG-64. Thus random selection of AC-20
binders from the production sources presented in Table 4 could result in selection of one lesser
high temperature grade binder about 41 percent of the time.
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VALIDATION OF BINDER PROPERTIES - FATIGUE

R? = 0.88
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Figure 3. Relationship Between Dissipated Energy (signified by G* sin §) and Number of
Load Applications to Flexural Fatigue Failure.
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Table 6.

SHRP Design Maximum High 7-Day and Low Temperatures for Selected
Westher Stations in Texas (98% Reliability) and the Effect of Selecting One Lesser
SHRP Grade Binder.

Station Longitude | Latitude High L ow H-1 L-1
Temp.,°C | Temp.,°C | Confidence | Confidence
Leve Leve
Alice 98 32 64 -10 2 50
Austin 98 30 64 -16 18 82
WSO
Baytown 95 30 64 -16 77 89
Borger 101 36 64 -28 48 89
Bracket- 100 29 64 -16 3 86
ville
Browns- 97 26 64 -10 29 86
ville
Childress 100 34 64 -22 22 73
College 96 30 64 -16 28 73
Station
Crockett 95 32 64 -16 30 62
D€ Rio 101 29 64 -16 3 97
Elgin 97 30 64 -16 4 64
L ubbock 102 34 64 -28 39 97
WSFO
Lufkin 95 31 64 -28 30 60
WSFO
San 98 30 64 -16 26 73
Antonio
WSFO
Amarillo 102 35 64 -28 86* 82*
WSO AP
Dahart 103 36 64 -34 70* 60*
FAA AP

* Confidence level associated with use of PG 58-22
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The effect of selecting one lesser low temperature grade in Texasis less dramatic but is
still quite significant. Of the 396 wesather stationsin Texas, at a 95 percent confidence level, 25
require alow temperature grade of -28, 190 require a low temperature grade of -22, 142 require
alow temperature grade of -16, 39 require alow temperature grade of -10 and the remaining 1
requires alow temperature grade of -4. Missing the required low temperature grade by one low
temperature grade level reduces the confidence level from 95 percent to about 75 percent.

TxDOT Estimate of Cost and Benefits of Super pave | mplementation

TXDOT estimates that approximately $2.2 billion can be saved in Texas over a 30 year
period by selecting the correct binder al the time using PG criteria. Thiswill eliminate selection of
the wrong binder approximately 25 percent of the time. This estimate accounts for the Superpave
equipment costs, record keeping and yearly costs for equipment maintenance and genera
upgrading. This estimate is based on a cost increase of asphalt cement from $70 per ton to $100
per ton caused by the new SHRP testing and specifications. The offsetting factor isthat TxDOT
assumes an overlay performance life increase from 8 yearsto 12 years based on proper binder
selection.

As afurther breakdown, the TXDOT estimate is that Superpave will save Texas $65,000
per lane mile over the next 30 years. With the assumption that 25 percent of the lane milesin
Texas will be affected, the $2.2 billion savings is calculated. The total cost estimate for SHRP
equipment and support over the 30 year period is $470 million. The resultant benefit to cost ratio
is468.

The estimate of a 50 percent increase in performance life for the 25 percent of pavements
in Texas for which the wrong binder is selected is reasonable based on estimates of selection of
one lesser grade of binder for high temperature performance.

Evaluation of Potential Cost Savings for Selected TXDOT Districts

Six districts within TXDOT were selected to compare the effects of selection of the AC-
20 binders typically used within the district based on Superpave binder grading of the binders
(PG grading). These six districts were selected because each has predominately two sources of
asphalt supply, Table 7. Both sources are AC-20 binders. However, the SHRP binder tests revea
that the binders are, in most cases, significantly rheologically different. The actual test
temperatures at which the critical SHRP rheological criteria which correlate to rutting, fatigue and
low temperature cracking are presented in Table 8.

Table 9 presents the binder sources for the six districts selected and documents the test
temperature difference between the two binders, T, at which acritical SHRP binder specification
is met. For example, in the case of the Paris District, two sources of binder are available: Total
and Lion. Column three of Table 9 identifies that the temperature at which the value of G*/sin &
for the two RTFOT-aged binders drops below the critical value of 2.2 kPa. This occurs for the
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Total binder at 65° C and for the Lion binder at 63° C. Hence, the difference recorded in Table 8,
column threeis 2° C. Columns four and fivereflect T’sfor thermal cracking (based on values of
creep stiffness and creep slope) and |oad-associated fatigue (based on G* sin 0).

Paris District (1)

The Paris District typicaly uses AC-20 binder from two sources: Total and Lion. These
two binders, Table 8, meet G*/ sin § criteriaat 65° C and 63° C, respectively. The two binders
meet G* sin & criteria up to 18° and 21° C, respectively. Both binders meet low temperature creep
stiffness and creep slope criteriaat -12° C. Hence, the Total binder has superior high and
intermediate temperature properties. Since the 98 percentile 7-day maximum temperature in Paris
is64° C, the Total binder should satisfy these conditions virtually all the time. However, the Lion
asphalt will rut approximately 33 percent more severely at a the design temperature (64° C) than
will the Total binder. Based on the difference in dissipated energy as approximated by G* sin 9,
Figure 3, the total binder will probably fatigue crack more severely. Based on the fatigue
relationship between G* sin 6 and fatigue life, Figure 3, the severity of fatigue cracking is
approximately 7 percent greater for asphalt produced with the Lion binder than with the Total
binder at approximately the average annual pavement temperature for the District.

A reasonable performance model of the life of an asphalt concrete overlay or pavement
surface is based on the ultimate level and rate of distress caused by rutting, load-associated
cracking and thermal cracking. The differences in the relative performances of the two sources of
asphalt in the Paris District indicate the potentia for a significantly different performance and
consequently a significantly different serviceability life. Based on the predictions of potential
difference in rutting, load-induced cracking and thermal cracking a reasonable difference in
serviceable life for atypical overlay in the Paris District when comparing the two binders, Tota v.
Lionisvery significant. For example an overlay constructed with the Tota binder could feasibly
last 12 years whereas an similar overlay with the Lion binder may last only 8 years.

The approximate differentia in performance lives between the two bindersis based on a
worst case scenario. Since the binders are usually selected with ahigh level of reliability, usually
95 or 98 percent, the SHRP criteria should not be compromised for either binder and the binder
should function satisfactorily. However, the relative differences in the two binders over the entire
temperature spectrum indicate improved relative performance from mixes with the Total binder in
the Paris District. The relative difference in the basic parameters G*/sin 6, G* sin d and creep
stiffness and creep slope across the spectrum of reasonable performance temperatures is the basis
for the assessment of potentia differencesin relative performance. This assertion is backed by the
data presented in Figures 4 through 11 where critical SHRP rheologica parameters are plotted for
each Texas asphalt as a function of temperature.

The SHRP binder specifications offer the ability to differentiate based on relative
difference in distress potential. Thisis not the case for viscosity-based specifications.
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Table7. TxDOT Asphalt Use by Didtrict.
District Asphalt Suppliers District Asphalt Suppliers
Paris Total Austin Texas Fuel and Asphalt
Lion Coastal
Exxon
Gulf States
Fort Worth Total
Coastal \étVest Houston Asphalt
Exxon a
FinaBS
WichitaFalls Kerr-McGee San Antonio Coastal
Coasta Texas Fuel and Asphalt
Total Exxon
Amarillo Diamond Shamrock Corpus Chrigti Coastal
FinaBS Texas Fuel and Asphalt
Lubbock Diamond Shamrock Bryan FinaBS
FinaBS Exxon
_ Neste/Wright
Odessa FinaBS West Houston Asphalt
Chevron
San Angelo Coastal Dallas Tota
Fina Fina
Coasta
Abilene FinaBS Kerr McGee
Total Exxon
Coasta
Waco Fina Atlanta Lion
Neste/Wright Kerr McGee
Exxon Exxon
West Houston Asphalt
Coastal Beaumont Exxon
Gulf States Coasta
Total West Houston Asphalt
Tyler FinaBS Pharr Texas Fuel and Asphalt
Lion Coasta
West Houston Asphalt Trifinery
Gulf States Coasta
Kerr McGee Laredo Coastal
Lufkin West Houston Asphalt Brownwood Fina
Neste/Wright Coastal
Exxon Texas Fud And Asphalt
Coasta Chevron
Gulf
El Paso Chevron
Fina
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Table7. TxDOT Asphalt Use by Didtrict.

[ District Asphalt Suppliers | Digtrict Asphalt Suppliers ||

Houston Neste/Wright Childress Diamond Shamrock

West Houston Asphalt Fina

Exxon Kerr McGee

Coasta Coasta

Total

Y oakum Coastal

Neste/Wright

Table 8. Actual Temperature at which PG Criteria are met in Texas Asphalts.
Binder G*/sin & =2.2 kPa G*sin 6=5MPa Creep Stiffness <300 Creep Slope <0.30
(RTFOT Residue) (PAV Residue) MPA (PAV Residue)
(PAV Residue)

Calumet 64 8 -30 -23
Chevron 61 12 -30 -18
Coastd 66 20 -19 -12
Fina 65 13 -14 -12
Exxon 63 19 -15 -16
GSA 63 19 -13 -13
K. McGee 65 19 -18 -12
Lion 63 21 -15 -12
Neste Wright 67 19 -19 -18
Shamrock 63 21 -16 -12
TC&A 65 21 -15 -13
TOTAL 65 18 -17 -12
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Figure 4. Relationship Between G*/sind for RTFOT Residue and Temperature for Texas Asphalts Classified as GP-
64.
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Figure 5. Relationship Between G*/ sind for RTFOT Residue and Temperature for Texas Asphalts Classified as PG-56.
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Figure 6. Relationship Between G* sind for PAV Residue and Temperature for Texas Asphalts Classified as PG-64.
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Figure 7. Relationship Between G* sin § for PAV Residue and Temperature for Texas Asphalts Classified as PG-58.
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Figure 8. Relationship Between Creep Stiffness for PAV Residue and Temperature for Texas Asphalts Classified as PG-64.



Creep Stiffness, S (MPa)

24 -22  -20 -18 16 14 12 -10 -8 -6

Test Temperature, degrees C

-~ Calumet —+ Chevron * Exxon # Fina ¢ Lion * Shamrock

Figure 9. Relationship Between Creep Stiffness for PAV Residue and Temperature for Texas Asphalts Classified as PG-58.
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Figure 10. Relationship Between M-Value for PAV Residue and Temperature for Texas Asphalts Classified as PG-64.
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Other Districts

The other five district for which these comparisons were made are listed in Table 9. Table
9 lists the asphalt sources in column two and the relative differences in temperature at which
critical SHRP parameters are determined in columns three through five. The effect of these
relative differencesin rheological responses are summarized in Table 10.

Case History Demonstrating the Use of Superpave Practiceto | dentify Cost Effective
Asphalt Modification in Texas

The SHRP research effort has provided a separate practice for the evaluation of
modification of asphalt binders. This practice is designated as AASHTO PP5. It provides the
means to: (1) pinpoint the need for modifier use during the mix design process, (2) estimate the
performance capacity of modified asphalt binders and paving mixtures under specific climatic and
traffic conditions, (3) perform simple cost comparisons of modified v. unmodified asphalt binders
and paving mixtures over extended periods of service and (4) suggest an appropriate modifier for
agiven situation. This protocol was recently used to evaluate the effects of several modifiers and
two different mix types for use by TxDOT. Thistesting for TXDOT was performed by Advanced
Asphalt Technologies of Sterling, Virginia

The base asphalt in the study was a Citco AC-10. Three types of polymer modifiers were
evaluated: low density polyethylene (LDPE), styrene-butadiene-styrene (SBS) and layex styrene-
butadiene-rubber (SBR). Two different mixes were considered: atypical dense-graded surface
course mix (Texas Item 340) and a coarse mastic-high binder mix (CMHB).

The first phase of the analysis used SHRP binder specification tests to determine the PG
grade of the Citco AC-10 binder with different levels of modification (0O, 2, 4 and 6 percent). The
results of this testing are summarized in Table 11.

The binder testing clearly differentiates the effects of the three polymer additives on the
base asphalt. Asisnormally true in Texas, a maor objective of modification in this case was to
improve the high temperature resistance of the binder to deformation (rutting). Latex SBRisa
popular additive for this purpose. The binder tests show that the additive level typically used in
Texas (2 to 4 percent) isineffective in changing either the high or low temperature performance
of the base asphalt according to SHRP binder tests. On the other hand, LDPE and SBS shift the
high temperature grading by one grade level at the 4 percent additive rate and by two grade levels
at the 6 percent additive rate.

Based on the binder study, the SBS and LDPE polymer at an additive rate of 6 percent by
weight of binder were used with three different asphalt cements typically used in Texas: Cosden
AC-10, Total Petroleum AC-10 and Exxon AC-10. Two different mix types were considered: a
dense-graded Item 340 mix and a coarse mastic-high binder content mix (CMHB). The results of
the SHRP mix screening test (repeated shear test with constant stress ratio) for the Iltem 340 mix
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Table 9. Comparisons of Temperature at which Binders Meet SHRP Criteria
District Binder Rutting Thermal L oad - Associated
Sour ces T! Fracture Fatigue, T°
Available T
Paris Tota 0
Lion
Amarillo Shamrock 2
Fina
Lubbock Shamrock 2
Fina
Odessa Fina 16
Chevron
San Angelo Fina 3
Coastd
El Paso Fina 20
Chevron
Notes: T*-  Temperature difference between the two source binders at which G*/sind

2.2 KPais achieved.

T2-  Temperature difference between the two source binders at which critical
stiffness is exceeded or critical dopeis compounded.

T3-  Temperature difference between the two source binders at which G* sin §

=5 MPA isexceeded.
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are presented in Figure 12 while the results of the repeated shear testing for the CMHB mix are
presented in Figure 13.

The data from the SHRP binder tests and from the ssmple repeated |oad shear test are
important and significant in that they clearly demonstrate which binders and mix types should be
selected to minimize permanent deformation at high pavement temperatures and the level of
additive required to provide cost effective results. These findings are based on rational
engineering properties of the binder and the mix and provide alevel of prioritization which could
not have been determined using penetration or viscosity testing of the binder or ssimply from
traditional mix design testing such as that used in the Marshall or Hveem methods.

Specifically, the pertinent findings from this case history are:

1. Low levels of SBS or SBR solids have little effect on the performance grade at
eight high or low temperatures. Taken together with the mix results, these data
suggest that the use of low levels of any modifier will have little effect on the
resistance of the pavement to rutting. Any specification that permits the use of less
than 4 percent of a polymeric modifier in the binder for a dense-graded mix may
not be cost effective and should be carefully evaluated.

2. Based on an upper limit of 2 percent permanent shear strain, the CMHB mix
provides the best rutting resistance regardless of the asphalt binder used; however,
the use of unmodified AC-10 yields substantially higher levels of permanent shear
strain compared to the modified binders regardless of mix design.

3. Elimination of ineffective modification of asphalt binders has the potential for very
significant cost savings. The addition of a polymer typically increases the cost of a
ton of hot mix by between $5 and $10. For illustration, we will take the higher
number and assume that 10 percent of the hot mix in Texasis modified every year.
Further assume that 25 percent of the time an ineffective modification is used
either because the wrong additive is selected or because too little modifier was
used in the binder. If this ineffective use could be eliminated by Superpave as
shown in the preceding example, the cost savings in Texas would be approximately
$600 million over a 30 year period. This calculation assumes the production of
approximately 600 millions tons of hot mix over a 30 year period in Texas.

Summary of Texas Experience

Six districts within Texas in which two sources of asphalt are typically used were selected
for investigation. It can be demonstrated that even though each binder is classified as an AC-20
based on viscosity based classification, the binders in some cases have significantly different
rheological properties. The different rheological response can, in some cases, result in significant
differences in performance. These relative differences are summarized in Table 7 and are
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differentiated into the categories of rutting, fatigue cracking and low temperature cracking.

Although the relative differences are, in some cases, substantial, the differences in mixture
performance, especially in the case of rutting, are difficult, if not impossible, to assess based solely
on binder properties. Therefore, the relative assessment of level of rutting presented in Table 10
may not be of much practical consequence if the aggregate matrix of the mix is designed to resist
rutting so that ultimate rutting is low regardless of the binder rheology. On the other hand, a
poorly designed aggregate matrix may be quite sensitive to binder selection and the relative
differences recorded in Table 10 may be significant.

We believe that the relative differences in performance recorded in Table 10 for fatigue
and low temperature cracking are much more binder dependent and hence more relevant to SHRP
binder evaluation.

In order to establish the differentiation between or among candidate binders as done in this
section, it is necessary to perform SHRP binder tests at |east three different temperatures that
bracket the critical pavement or pavement design temperature. Thisisillustrated in Figures 4
through 11.

The ability of SHRP binder parameters to differentiate among binders in a specific region
based on performance predictions is even more significant when one considers that suppliersin a
specific region have attempted to meet regional requirements for a successful binder. The SHRP
binder specifications make this task easier for supplier and user and can significantly shorten the
period of product evolution to meet performance requirements.
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Table 10.

the Six Test Districts of Texas.

Rd ative Reduction In Performance Life Due to Selection of Lesser Binder Within

District Relative Reduction
in Performance Life
Dueto Selection of
L esser Binder
Rutting Based on L oad-Induced Thermal Cracking
G*/sin 0 Fatigue Based on Based on Creep
G*sin & Stiffnessand Creep
Slope
Paris 33% - Ultimate level | 7% - Fatigue No significant
of rut-susceptibility is | potential islow for thermal cracking for
low for either binder | either binder either binder
Amarillo 33% - Ultimate level | 6% - Fatigue Severe thermal
of rut-susceptibility is | potential ismoderate | cracking for each
low for either binder | for Shamrock and binder
low for Fina
L ubbock 33% - Ultimate level | 6% - Fatigue Severe thermal
of rut-susceptibility is | potential ismoderate | cracking for each
low for either binder | for Shamrock and binder
low for Fina
Odessa 67% - Rut- 5% - Fatigue Severe thermal
susceptibility for Fina | potential islow for cracking for Fina
binder islow; Rut either binder binder; No significant
susceptibility for thermal cracking for
Chevron binder is Chevron binder
high
San Angelo 16% - Ultimate level | 13% - Fatigue No significant
of rut-susceptibility is | potential islow for thermal cracking for
low for either binder | either binder either binder
El Paso 67% - Rut - 0% - Fatigue No significant
susceptibility for Fina | potential isvery low | thermal cracking for
binder islow; Rut for either binder either binder
susceptibility for
Chevron binder is
high
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Table 11. SHRP Performance Grades for Various Levels of Modification of a Citco AC-10
Binder with Three Different Polymer Additives.

Per cent Citco AC-10
M odifier with Polymer

Additives

LDPE SBS SBR
0 PG 58-28 PG 58-28 PG 58-28
2 -- PG 58-28 PG 58-28
4 PG 64-28 PG 64-28 PG 58-28
6 PG 70-28 PG 70-28 --
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GEORGIA EXPERIENCE
Asphalt Sourcesin Georgia

In 1995 Georgia used approximately 37,800,000 tons of AC-30 binder, approximately
29,900,000 tons of AC-20 binder and approximately 600,000 tons of AC-10 binder.

Approximately 2,100,000 tons of polymer modified asphalt cement was used in Georgia. The
suppliers of these asphalts are summarized in Table 12.

Table 12. Suppliers of Asphalts Used in Georgiain 1995.

Asphalt Supplier L ocation Asphalt Grade Approximate
Quantity Supplied,
Tons
Ergon Bainbridge AC-30 7,796,453
AC-20 2,233,605
AC-10 339,328
Citgo Savannah AC-30 9,596,504
AC-20 820,983
AC-10 33,207
Coastal Candler AC-30 5,444,434
AC-20 164,103
Koch Savannah AC-30 4,170,723
AC-20 858,436
AC-10 191,730
Amoco Doraville AC-30 1,613,857
AC-20 2,268,438
PMAC 1,330,846
Coastal Atlanta AC-30 2,677,239
AC-20 1,595,288
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Table 12. Suppliers of Asphalts Used in Georgiain 1995 (cont’d).

Asphalt Supplier L ocation Asphalt Grade Approximate
Quantity Supplied,
Tons
Shell Lithonia PMAC 774,191
Amoco Atlanta AC-30 2,605,121
Coastal Pensacola AC-30 1,193,427
AC-20 770,366
Amoco Chattanooga AC-30 1,229,225
AC-20 134,290
Coastal Mobile AC-30 1,202,125
AC-20 143,894
Marathon Jacksonville AC-30 83,073
AC-20 1,176,110
Coastal Jacksonville AC-30 34,517
AC-20 107,020
Coastal St. Marks AC-30 109,047

Performance Grade Requirements for Georgia

Approximately **% of the state of Georgia requires a performance grade of PG 64-22 to
satisfy a 98 percent level of reliability. A performance grade of PG 58-16 isrequired to satisfy a
50 percent level of reliability.

In order to investigate the critical SHRP rheological properties of typical Georgia
asphalts, Georgia Department Of Transportation (GDOT) identified the four AC-30 and two
AC-20 binders most frequently used in Georgia. The pertinent SHRP rheological properties of
these binders, identified as A through F, are given in Table 12
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Table 13.

Vaues of Critical SHRP Rheologica Properties for Most Commonly Used

Georgia Asphalts.

Asphalt | Grade Assessment of Assessment of Assessment of Thermal

Rutting Potential | Fatigue Cracking | Cracking Potential on PAV

on RTFOT Potential on PAV Residue
Residue Residue

Test G*/sin | Test G*sin | Test Creep Creep

Temp, | Temp. | Temp. | Stiffness | Slope

C C C M Pa
A AC-30 |64 2.30 22 4.56 -12 257 0.34
B AC-30 |64 3.48 19 4.73 -18 307 0.32
C AC-30 |64 3.12 19 4.86 -18 324 0.34
D AC-20 |64 2.30 22 3.20 -18 414 0.33
E AC-30 |64 2.79 22 4.97 -12 263 0.33
F AC-20 |64 2.78 22 4.50 -18 85 0.30

All of the six Georgia asphalts tested met PG 64-22 criteria. However, some rate better
than others according to the critical SHRP rheological parameters. The order of rank islisted in

Table 14.
Table 14. Order of Rank of Six Georgia Asphalts from Best (Top) to Worst (Bottom).
G*/sin & on G*/sin & on G* sin d on PAV Flexural Creep on
Original Binder RTFOT Residue Residue (Fatigue) PAV Residue
(Rutting) (Rutting) (Thermal Cracking) |
B B F F
C C B B
E E C C
D F D D
F A A A
A D E E
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General Conclusions of Binder Performance Based on SHRP Binder Tests
SHRP binder testing showed the following general conclusions.

1. Asphalt B isan AC-30 that is extensively used in Georgia. This asphalt is rated
best of the six based on original and RTFOT binder testing and is rated second
based on predicted pavement aging (PAV) properties.

2. Asphat Cisaso an AC-30 used extensively in Georgia. This asphalt rated second
among the six based on origina and RTFOT binder testing and third among the
six on the basis of testing PAV-aged binders.

3. Asphalt E isan AC-30 that has not been extensively used in Georgia. This asphalt
has a 56 dmm penetration and does not meet the minimum 60 dmm pen
established in the Georgia Specification 820.01. This sample rated third of the six
asphalts for initial SHRP characteristics; however, it rated poorest of the six
asphalts in terms of predicted fatigue and thermal cracking potential where the
PAV -aged binder was tested.

4. Asphalt Fisan AC-20 that has a penetration of 96 dmm. This asphalt was a
primary paving asphalt used prior to Georgia s adopting AC-30 grade asphalts.
Elimination of this high penetration asphalt was expected to help reduce rutting of
Georgia pavements. This sample rated fifth among the six when original binder
samples were tested for G*/ sin §, fourth on the basis of G*/ sin & on RTFOT
residue and best among the six asphalts on G* sin 6 and creep stiffness testing on
PAV residue samples.

5. Asphalt A isan AC-20 asphalt and is rated sixth and fifth based on testing of
origina binder and RTFOT testing. It rated fifth among the six based on the test
resultsof PAV residue samples.

6. Asphalt D isan AC-20. It rated fourth and sixth, respectively, based on testing of
origina binder and RTFOT residue and fourth based on testing of PAV residue.

Asphalts B and C, both AC-30s, rank one and two, respectively, in terms of the
rheological property G*/ sin 6 when measured on the RTFOT residue. Thisis an indication of
rutting potential. These binders rank two and three, respectively, in terms of fatigue potential as
approximated by G* sin 6 and based on low temperature cracking potential as approximated
based on creep stiffness and creep slope (when measured on PAV residue). Thisis an intriguing
find since AC-30s, though more resistant to rutting at high performance temperatures, are usually
more susceptible to cracking, either in the form of fatigue or thermal fracture. However, asphalts
B and C outperform AC-20 asphalts A and D both in terms of rutting potential and in terms of
fracture potential. Only asphalt F (an AC-20) ranks above asphalts B and C in terms of fracture
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potential. However, this binder ranks last in terms of rutting potential approximation based on

RTFOT residue testing.

This case history illustrates how SHRP binder specifications and evaluation methodology
clearly differentiate among performance potential of candidate binders and how this ranking is
substantiated through performance.

Using the evaluation methodology discussed under the section entitled, “Texas
Experience,” the relative potential of each binder to suffer distressin atypical dense-graded mix

issummarized in Table 15.

Table 15. Prediction of Relative Performance Among Six Georgia Asphaltsin a PG 64-22
Climate Compared to Asphalt B (Reference - Contral).
Asphalt Relative Potential to Suffer Distress:

Rutting Based on G*/sin & | Fatigue Cracking Based on
on RTFOT Residue G* sin 6 on PAV Residue

B (AC-30) Reference Reference

C (AC-30) 20% increase No difference

E (AC-30) 40% increase 5% increase

F (AC-20) 40% increase 15% reduction

A (AC-20) 66% increase No difference

D (AC-20) 66% increase 7% reduction

Finally, it is important to note that the SHRP binder tests, as summarized in Table 15,
demonstrate the validity of the decision to go with an AC-30 asphalt binder in Georgia. Based on
thisanaysis, it islogical to estimate that moving from an AC-20 to an AC-30 binder, and more
specifically AC-30 binders like B and C, would significantly reduce rutting without significantly
sacrificing the ability of the pavement to resist fatigue and thermal fracture. A rational
approximation of increased pavement overlay life in Georgia based on selection an optimum
binder, such as B or C, is 25 percent.
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NEVADA EXPERIENCE
Background

The Nevada Department of Transportation (NDOT) used 74,000, 117,000 and 118,000
tons of asphalt bindersin 1993, 1994 and 1995, respectively, on highway projects. Table 15
summarizes the distribution of asphalt cements among the various grades.

Nevadais one of severa western states that has begun implementing performance based
asphalt specifications (PBA) proposed by the Pacific Coast user/producer group. In fact Nevadais
currently considering whether the optimal solution would be to blend the PBA and SHRP binder
grading system.

The University of Nevada at Reno prepared areport to NDOT in December of 1995 in
which selected asphalt binders typically used in Nevada were characterized according to SHRP
binder testing protocol and classified according to SHRP binder specifications. Twenty asphalts
in use in construction projects throughout the state were selected for characterization. The
combination of this testing with eventual field performance data will provide an opportunity to
verify SHRP' s binder specification system.

NDOT Study to Evaluate SHRP Classification of 20 Binders Used in Actual Construction
Projectsin Nevada

Table 17 presents the contract number (representing a specific contract and location), the
SHRP grade of the asphalt used for that contract and the binder grade for the specific location
based on a 50 percent and 98 percent level of reliability. The data for the grade requirements
were provided by the SUPERPAVE software and are based on 72 weather stations throughout
the state of Nevada.

The grading datain Table 17 indicate that if the SUPERPAV E recommendations are used,
four of the AC-20Ps (2544, 2545, 2558 and 2611), two AC-30's (2501 and 2604), AC-20+TLA
(2603), AC-40 (2604) and both AC-30P (2622-1 and 2622-2) would meet the requirements under
the 50 percent reliability criteria If the SUPERPAVE 98 percent reliability recommendationsis
used, the AC-20+TLA (2603), one AC-30 (2604) and both AC-30Ps (2622) would meet the
requirements of the projects. The maority of the binders (16 out of 23) met the low temperature
requirements of the projects at the 50 percent level.

Table 18 presents the actual temperature at which each binder evaluated fails (G*/sin 0
goes below 2.2 kPa) the rheological parameter used to evaluate high temperature rutting. Table
18 presents the actual temperature at which each binder fails (G* sin  exceeds 5.0 MPa) the
rheological parameter used to evaluated the potential for flexural fatigue.

Based on the information in Tables 17 through 19, Table 20 summarizes the potential of

each binder to experience distress within the climatic region associated with each of the twenty
construction projects.

48



Table 16. NDOT 1993 and 1994 Asphalt Binder Quantities.

Asphalt Type Quantity (Tons)

1993 1994 1995
AC-10 3,958 9,381 5,245
AC-10R NA 5,707 NA
AC-20 17,957 27,167 16,950
AC-20+TLA NA 913 NA
AC-20P 51,424 70,093 71,416
AC-30 668 2,548 24,195
CRM NA 1,392 203
Total 74,007 117,201 118,009
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Table 17. Recommended Binder Grades Based on SUPERPAVE Data Base.

Contract AC SHRP SUPERPAVE SUPERPAVE
Number Grade Grade 50% 98%
Reliability Reliability
2480 AC20-P PG58-28 PG64-16 PG70-22
2491 AC-20P PG-52-16 PG58-28 PG64-40
2501 AC-30 PG64-16 PG64-10 PG70-16
2501 AC-20P PG58-28 PG64-10 PG70-16
2530 AC-20P PG58-28 PG64-10 PG70-16
2544 AC-20P PG58-28 PG58-28 PG64-40
2545 AC-20P PG58-22 PG58-22 PG64-28
2552 AC-20P PG58-28 PG70-16 PG70-22
2558-93 AC-20P PG58-22 PG58-22 PG64-28
2558-94 AC-20P PG58-16 PG58-22 PG64-28
2591 AC-20P PG58-16 PG58-28 PG64-40
2594 AC-20P PG58-28 PG64-10 PG64-16
2603 AC-20+TLA PG70-16 PG64-10 PG70-16
2604-1 AC-40 PG64-10 PG64-10 PG70-16
2604-2 AC-30 PG70-22 PG64-10 PG70-16
2611-1 AC-20 PG64-16 PG58-28 PG58-40
2611-2 AC-20P PG64-28 PG58-28 PG58-40
2615 AC-20P PG58-28 PG58-34 PG58-40
2617 AC-20P PG52-22 PG64-16 PG64-28
2622-1 AC-30P PG70-22 PG64-10 PG70-16
2622-2 AC-30P PG70-16 PG64-10 PG70-16

50




Table 18. Actua Temperature at Which the Vaue of G*/Sind Falls Below 2.2 kPa.
Contract Binder Temperature (°C) High Temperature
at G*sin (d) =2.2 Grade
kPa
N/A AC-20 67.5 PG64
N/A AC-20 68.3 PG64
2480 AC-20P 63.0 PG58
2491 AC-20P 57.8 PG52
2501 AC-30 69.8 PG64
2501 AC-20P 63.2 PG58
2530 AC-20P 63.6 PG58
3544 AC-20P 63.0 PG58
3545 AC-20P 58.4 PG58
2552 AC-20P 63.0 PG58
2558-93 AC-20P 58.7 PG58
2558-94 AC-20P 56.5 PG52
2591 AC-20P 62.6 PG58
2594 AC-20P 63.3 PG58
2603 AC-20+TLA 72.6 PG70
2604 AC-40 68.6 PG64
2604 AC-30P 70.0 PG70
2611 AC-20 66.7 PG64
2611 AC-20P 65.2 PG64
2615 AC-20P 62.5 PG58
2617 AC-20P 57.9 PG52
2622 AC-30P (1) 76.7 PG70
2622 AC-30P (2) 73.1 PG70
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Table 19. Actua Temperature at Which the Value of G* sin 6 Exceeds 5.0 MPA.
Contract Binder Temperature (°C)
at G* sin (d) =5.0 MPA

N/A AC-20 17.7
N/A AC-20 21.2
2480 AC-20P 17.2
2491 AC-20P 19.0
2501 AC-30 22.7
2501 AC-20P 16.9
2530 AC-20P 15.9
2544 AC-20P 13.2
2545 AC-20P 19.5
2552 AC-20P 17.2

2558-93 AC-20P 20.4

2558-94 AC-20P 20.2
2591 AC-20P 22.4
2594 AC-20P 16.8
2603 AC-20+TLA 30.5
2604 AC-40 30.1
2604 AC-30 23.0
2611 AC-20 25.8
2611 AC-20P 15.9
2615 AC-20P 18.8
2617 AC-20P 18.5
2622 AC-30P (1) 23.4
2622 AC-30P (2) 23.3
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Table 20.

Potential of Binders to Experience Distress.

Binder Rutting Potential Fatigue Potential Low Temperature
Cracking Potential
2480 Potential for moderate Low fatigue potential Very low
rutting
2491 Potential for low to High fatigue potential Very High
moderate rutting
2501 Very low rutting potential Low fatigue potential Very Low
2501 Low rutting potential Very low fatigue Very low
potential
2530 Low rutting moderate Very low fatigue Very low
potential potential
2544 Very low rutting potential Low fatigue potential Low
2545 L ow to moderate rutting Moderate fatigue Low
potential potential
2552 High rutting potential Very low fatigue Very low
potential
2558-93 Low rutting potential Moderate fatigue Low
potential
2558-94 M oderate rutting potential Moderate fatigue High
potential
2591 Very low rutting potential Very high fatigue Very high
potential
2594 Low rutting potential Very low fatigue Very low
potential
2603 Rut resistant High fatigue potential Low
2604-1 Very low rutting potential High fatigue potential Low
2604-2 Rut resistant Low fatigue potential Very low
2611-1 Rut resistant Very high fatigue Very high
potential




Table 20. Potential of Binder to Experience Distress (cont’ d).

Binder Rutting Potential Fatigue Potential Low Temperature
Cracking Potential
2615 Moderate to high rutting Very high fatigue High
potential potential
2617 Very low rutting potential Very low fatigue Very low
potential
2622-1 Rut resistant Low fatigue potential Very low
2622-2 Rut resistant Low fatigue potential Very low
2611-2 Rut resistant Low fatigue potential Low

Summary and Conclusion

The newly developed SHRP binder specification system was successfully used to grade
twenty-three Nevada binders. All the rheological tests were conducted without any problems
following the procedures recommended by SHRP.

The SHRP grading system clearly identified the AC-30, AC-20+TLA, and the AC-30P
binders as having different rheological properties from the other binders. They were identified to
be more desirable in warmer temperatures than the AC-20Ps, while their low temperature
characteristics were less desirable than the AC-20Ps.

There were some discrepancies among the grading of the various AC-20P binders. The
SHRP grading system indicated that some AC-20P binders would be appropriate over awider
temperature range than others. One of the AC-20P binders was identified as being applicable
under avery narrow range of temperatures (2491). One disturbing observation is that the SHRP
system graded an AC-20 as PG64-16 and another AC-20 as PG64-22 which indicates that both of
these unmodified binders would perform better than the polymerized AC-20Ps. The system also
graded an AC-40 (2604) as PG64-10, which is below the AC-30 and the AC-30P binders.

At this stage it is not known whether this discrepancy is coming from the SHRP grading
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system itself or if the AC-20P binders are actually different. The temperature susceptibility
characteristics of the various binders indicate that the latter may be true.

The rheological data showed consistent behavior from all the binders that were classified
under the same group. This indicates that the field performance of these binders should be very
similar.

The environmental data needed for the recommendation of the specific binders were
obtained from the Superpave model. In the mgority of the cases, the Superpave
recommendations did not coincide with the determined grades of the binders. The Superpave
recommendations were too conservative on the high temperature grade.

It is highly recommended that the field performance of these projects be monitored and
field samples be obtained to validate the applicability of the SHRP grading system for Nevada' s
conditions.

FHWA recommends that every state highway agency validate the SHRP binder and
mixture testing and evaluation systems for its own conditions prior to the implementation process.
The results of this research project and the follow-up study recommended in phase 2 would
provide NDOT with the necessary data for the validation and implementation of SHRP systems.

NATIONAL CENTER FOR ASPHALT TECHNOLOGY EXPERIENCE
Data Base for the Southeastern United States

The National Center for Asphalt Technology (NCAT) was asked to develop a data base of
the SHRP gradations for asphalts being used in the southeastern United States and to determine
how those grades relate to viscosity grading systems. The results of this study are presented in a
paper entitled SHRP Properties of Asphalt Cement, prepared by Douglas |. Hanson, Rgjib Bl.
Mallick and Kee Foo of NCAT. The paper was presented at the 74th Annual Meeting of the
Transportation Research Board in Washington, D.C., January, 1995.

The NCAT study consisted of forty-eight asphalts currently supplied to the southeastern
states. No modified asphalts were included in the study. Twenty-three of the samples collected
graded as AC-20, twenty-four as AC-30 and one as AC-10.

Table 21presents the viscosity and SHRP classification of each of the forty-eight asphalts
tested. The AC-10 graded as a PG 58-22. On the upper temperature regime, nineteen of the AC-
20s graded as a PG-64 and four graded as a PG-58. On the cold temperature regime sixteen of the
AC-20s graded as PG-22, six graded as PG-16, and three graded as PG-28. On the upper
temperature regime twenty-one of the AC-30s graded as a PG-64, one graded as a PG-58, one
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Table 21.

SHRP Asphalt Test Results.

Source of AC AC Grade Performance Grade
Texas AC-20 PG 64-22
Texas AC-20 PG 58-22
Texas AC-20 PG 58-16
Texas AC-20 PG 58-16

Virginia AC-20 PG 64-22
Virginia AC-20 PG 64-16
Virginia AC-20 PG 64-22
Virginia AC-20 PG 64-22
Virginia AC-20 PG 58-16
Virginia AC-30 PG 64-22
Virginia AC-30 PG 64-22
Virginia AC-30 PG 64-22
Virginia AC-30 PG 64-22
Virginia AC-30 PG 64-22
Virginia AC-30 PG 64-16
South Carolina AC-20S PG 64-28
South Carolina AC-30 PG 64-22
South Carolina AC-20S PG 64-22
Georgia AC-20 PG 64-16
Georgia AC-30 PG 64-22
Georgia AC-30 PG 64-22
Georgia AC-20 PG 64-16
Georgia AC-30 PG 64-16
Georgia AC-20 PG 64-28
Georgia AC-30 PG 64-16
Georgia AC-20 PG 64-22
Georgia AC-30 PG 64-22
Georgia AC-20 PG 64-28
Georgia AC-20 PG 64-28

NOTE: all of the asphalt cements shown in this table are unmodified materials.

56




Table 21. SHRP Asphalt Test Results (cont.).

Source of AC AC Grade Performance Grade
Mississippi AC-30 PG 64-22
Mississippi AC-30 PG 64-22
Mississippi AC-30 PG 64-28
Mississippi AC-30 PG64-22

Arkansas AC-20 PG 64-22
Arkansas AC-30 PG 64-22
Arkansas AC-30 PG 64-22
Arkansas AC-30 PG 64-22
Louisiana AC-30 PG64-22
Louisiana AC-30 PG 64-16
Louisiana AC-30 PG 64-34
Alabama AC-20 PG 64-22
Alabama AC-20 PG 64-22
Alabama AC-20 PG 64-22
West Virginia AC-20 PG 64-28
West Virginia AC-20 PG 64-22
West Virginia AC-10 PG 58-22
West Virginia AC-20 PG 64-22
Florida AC-30 PG 70-22
Florida AC-30 PG 64-16
Florida AC-30 PG 62-22

NOTE: al of the asphalt cements shown in this table are unmodified materials.
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graded as a PG-70 and two graded as a PG-62. On the cold temperature regime seventeen of the
AC-30s graded as a PG-22, six graded as a PG-16, one graded as a PG-28 and one graded as a
PG-34. In summary, of the forty-seven AC-20 and AC-30 asphalt cements tested, twenty-eight
graded as PG 64-22, eleven graded as PG 64-16, three graded as PG 58-16, five graded as PG
64-28, one graded as PG 64-34 and one graded as PG 70-22.

Results and Conclusions

Table 22 shows the average of properties determined from the testing for the AC-20 and
AC-30 binders. Table 23 presents the requirements for each of the statesin the region at the 90
percent reliability level based on the SUPERPAVE weather database. The asphalts tested in the
NCAT study meet the SHRP requirements for an asphalt cement within the region approximately
50 percent of the time.
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Table 22. SHRP Asphalt Data Averages.

Item AC-20 AC-30
M ean Stan Dev M ean Stan Dev
Vis @ 140 2051 207 3107 259
Vis @ 275 425 69 508 45
Pen @ 39.2 25 20 18 10
Pen @ 77.0 75 12 63 10
Pen Index 3.83 4.43 3.216 2134
PVN -0.48 0.28 -0.321 0.25
Duct 77 137 21 147 10
Soft. Pt. 120 2.3 123 5
Vis-TFO-140 5017 836 8294 2117
Vis-TFO-275 588 78 739 105
Pen-TFO-39.2 16.1 7.5 13 6.7
Pen-TFO-77 47.7 54 42.1 8.1
Pen Index 3.90 3.64 5.07 3.05
PVN -0.285 0.273 0.020 0.401
Soft.Px. 130 3.40 134.6 2.04
% Loss TFO 0.154 0.102 0.140 0.115
DSR-Original-64 1.136 0.124 1.715 0.172
DSR-Origina-70 0.58 0.058 0.847 0.091
DSR-RTFO-64 2.870 0.935 4.537 1.190
DSR-RTFO-70 1421 0.429 2.644 1.746
DSR-PAV-10 5.275 1.317 6.066 1.892
DSR-PAV-13 4.439 1.262 4.716 1.505
Flex Cr. - 18 335.5 97.3 345.0 129
m 0.276 0.023 0.263 0.023
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Table 23. Asphalt Grades Suggested for use in Region 90 Percent Reliability Level.

STATE SUGGESTED PG GRADE
Alabama 58-16,64-16,64-22,64-28
Arkansas 64-22,64-28,64-34,70-22
Florida 58-10,64-16
Georgia 58-28,64-16,64-22,64-28
Louisana 58-10,64-10,64-16,64-22
Mississippi 64-16,6-22,64-28
North Carolina 52-34,58-28,58-22,58-16,64-16,64-22
South Carolina 58-16,64-16,64-28
Texas 58-10,58-22,64-10,64-16,64-22,64-28,64-
34,70-16,70-22
Tennessee 58-28,58-34,64-22,64-28,64-34
Virginia 58-16,58-22,58-28,64-22,64-28
West Virginia 52-34,58-28,58-34,64-28,64-34

ZHANG AND HUBER STUDY
Background

The Heritage Research Group completed a study investigating the effect of the asphalt
binder on pavement performance in July of 1995. In this study six different asphalt binders were
included in typical Indiana densely graded mixes. The mixes were tested using SHRP mixtures
tests and performance predictions were made based on the tests.

Asphalt Binders Selected and Evaluated
Table 24 presents the five asphalt binders selected in testing. These binders include an AC-
20 typically used in Indiana, agelled AC-10 (referred to as gel AC, asix percent polymer

modified asphalt (PMAC(3%)), asix percent polymer modified asphalt (PMAC(5\6%)) and a
performance grade PG 64-34 asphalt.
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Table 24.

Asphalt Binder Characteristics (after Zhang and Huber).

Test Property | AC-20 | Gel AC | PG64-34 | PMAC PMAC Specifications
(%) | (6%)
Dynamic Shear, G* (kPa) 1.15 3.44 1.09 112 213
Original Binder,
. ) 89.9 73.4 84.6 75.3 63.3
12% strain, (degrees)
(Tenderness)
64°C,10 rad/s G*/sind 1.15 254 1.10 1.16 2.38 Min.: 1.0 kPa
(kPa)
Dynamic Shear, G* (kPa) 1.87 2.68 2.16 231 3.00
KTPO
. ) 87.4 80.5 79.6 68.5 59.0
(Rutting)
64°C, 10rad/s G*/sind, 1.87* 2.72 2.30 2.48 35 Min.: 2.2 kPa
(kPa)
Dynamic Shear, G* (kPa) 4114 2046 1209 2005 1980
PAV
Resid
e 5 400 |s17 428 495 493
1% dtrain, (degrees)
G:snd | 3106 |[1605 | 820 1525 1500 (Fetigue Cracking)
22°C, 10rad/s Max.: 5000 kPa
(kPa)
-18°C -18°C -18°% -24°% -18°% -18°%
Creep Stiffness,
PAV Residue, 5(MPA) 286.2 139.9 171.8 143.9 157 (Low Temperature
60g Cracking)
Max.: 5= 300
m-value 0.293** | 0.331 0.323 0.366 0.353 MPa
Min.: m=0.30
PG Grade PG 58- PG 64- PG 64-34 PG 64-28 PG- 64-28
22 28

* Failsto meet PG 64 but does meet PG 58
** Failsto meet -28 but does meet -22 grade
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Asphalt Mixture Tests

The asphalt mixtures including these five binders were fabricated to meet the requirements
of adensaly graded Indiana surface mix with atarget air void content of about six percent. SHRP
level two mixture tests were performed. The results of the mixture testing are summarized in
Table 25. This table includes the elastic and plastic model material properties used in the SHRP,
Superpave performance prediction model. The last two columns of the table present the range of
material properties determined reasonable by SHRP under contracts A-005 and A-003A.

Results and Conclusions

The study demonstrated that the slope of the relationship between complex compliance
and frequency (m-value) of the frequency sweep mixture test performs most reliably as predictor
of mixture performance. Unfortunately, the current Superpave performance models do not aways
predict realistic levels of performance or values of distress.

High m-values are associated with high levels of rutting, whereas lower values are
associated with lower values of rutting. On the basis of the m-value, the AC-20 and AC-20 with
fiber binders have much higher rutting sensitivity than do the other binders. This sensitivity to
rutting is not apparent from the traditional viscosity binder tests, Table 26, but is apparent from
the G*/sin § valuesin Table 23. Which rank the AC-20 binder as the most rut susceptible based
on DSR testing of the RTFO-aged binder. The correlation between G*/sind and the m-valueis
not particularly strong with an r-square of 0.70 but is reasonable and offers the potential to select
binders that will resist permanent deformation and provide longer performance life.

Zhang and Huber felt that the current Superpave predictive models are not ready for use

and need refinement and calibration. They did not assess the ability of the SHRP binder properties
to assess fatigue cracking and low temperature cracking.
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Table 25. Intermediate Materials Properties. (after Zhang and Huber).

Material Property AC-20 AC-20/ Gel AC PG-64-34 | PMAC PMAC A-005 A-003A
Fiber (3%) (6%)
Nonlinear ky 3670.5 3679.0 1887.5 1629.5 1396.5 1835.5 664- 728-
7199 3015
k, 0.193 0.378 0.374 0.421 0.386 0.393 0.17 - 0.18 -
Elastic 0.89 0.46
ks 0 0 0 0 0 0 0 0
K, 0 0 0 0 0 0 0 0
Ks -0.355 -0.607 -0.414 -0.639 -0.415 -0.398 -0.301 - -0.93- -
-2.66 2.36
K(kPa) 96.5 420.6 167.5 159.2 151.0 144.1 68.95 - 68.95 -
148.9 212.4
Plastic 5.6 5.6 5.6 5.6 5.6 2.8 5.6-316 6.9-39.3
(kPa) 524.0 551.6 151.7 530.9 156.5 170.3 275.8 110.3 -
675.7 779.1
b 25.3 29.3 22.3 26.3 22.3 22.3 26.6 20.4 -
60 335
o 20.5 225 20.2 225 21.2 11.6 225 0.25.0
(degree) 50.1
Congtant of Creep D, 2.21x 111 x 2.13x0* 2.25x 10* 2.69x 0* 260x10* | — | —
Compliance Equation 10* 10*
Creep Compliancein m 0.4036 0.4538 0.3164 0.3386 0.2865 03024 | — |-
Shear
Table 26. Physical Properties of Asphalt Binders. (after Zhang and Huber).

Property AC-20 Ge AC | PG64-34 | PMAC(3%) | PMAC(6%)
Rotational Viscosity, at 0.331 2.000 0.345 0.600 1.450
135°C, Pas
Viscosity at 60°C, P. At 2239 5600 2150 2543 15,200
1sec™
Penetration at 25°C, 77 82 92 116 96
100g, 5 sec. dmm
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STATE EXPERIENCE WITH SUPERPAVE

Severa state transportation departments as well as afew county and city agencies use the
Superpave binder and mixture systems on alimited basis. A survey conducted by the Nevada T2
Center reveded that some level of effort regarding implementation of Superpave isongoing in at
least 16 states. A summary of this survey which describes each state' s experience with Superpave
is presented in Table 27.

All 16 states shown in Table 27 have some degree of experience with the Superpave
binder selection system; however, most of these states are still in the stage of evaluating the
equipment and specifications. Projects incorporating the performance grade binders have been
built on an experimental basis and full implementation of the PG binder specification is scheduled
in the near future.

A few states use the Superpave mixture design system on an experimental basis and report
positive results thus far regarding performance. Most projects were constructed in 1995;
therefore, it istoo early to adequately assess pavement performance.

Where reported, Superpave mixtures cost more than previously used conventional
mixtures, however, some contacts anticipate that prices will drop as familiarity with materials
expands.

In general, the personnel contacted in this survey were very positive in their expectations
of the Superpave System. Longer pavement life and less maintenance costs are anticipated by
most states included in this survey.



Table 27.

Summary of Case Histories on the Use of Superpave Binder and Mix Systems.

State

Experiencewith
SUPERPAVE

Performance

Expectations

Cost

Alabama

Superpave mix was placed on a5-mile
resurfacing project of State Route 165 in
1995 in cooperation with NCHRP
research project 9-7.

Binder met the PG 76-22 criteria (AC-30
with 8 percent crumb rubber).

Mixture designs were devel oped for 25
mm and 37.5 mm maximum size

aggregates.

Problems of segregation were anticipated
in the 37.5 mm mix and were minimized
to agreat extent.

The 25 mm mix produced a more
aesthetically-pleasing riding surface and
proved to be more manageable during
both production and placement.

The use of an Alabama DOT
specification designed to incorporate the
Superpave aggregate, binder and mix
design requirements created no major
problems for the DOT or the contractor.

Laboratory-conducted tertiary creep tests
indicate that the pavement overlay should
be extremely resistant to rutting. The
expected rutting resistance will result in
an improved pavement surface profile
thus reducing potential for wet-weather
accidents.

Full implementation of the Superpave
program is scheduled for 2000.

However, implementation for the binder
testing and specificationsis scheduled for
1997. Level | mix design is scheduled
for trial projectsin 1997.

The bid price for the Superpave mix was less
than 15 percent higher than the price bid for
the planned conventional mix.

Alaska

Superpave binder selection system was
used on two projects.

Performance expectations have been met
in that no thermal cracks have been
observed.

Pavement life (typically 10 years) is
dictated by depth of rutting due to
studded tires. If studded tireswere not a
factor, longer pavement life would be
anticipated.

Reduction in maintenance costs are
anticipated due to lessthermal cracking
resulting from the Superpave binder
selection system.

Full implementation of Superpave
scheduled for 1997.

Costs on two projects reflect afirst capital cost
of 50 percent higher which was associated
with equipment needs (bigger circulating
pumps to pump modified binders) and
materials costs (addition of polymers).
However, it is believed the binders will be
cost-effective due to decreased maintenance.

Higher mixture costs are anticipated in order
to achieve VMA, crushed fines, and higher
voidsin total mix. The higher mixture costs
expected will be offset by lower anticipated
binder contents.

Colorado

City of Fort Collinsis planning a
Superpave project for a high-traffic
intersection (40,000 ADT, 6% trucks).
The pavement design callsfor a6-inch
full depth plant-mix base course and 3-
inch surface course using 3/4-inch

aggregate.

Not available.

Several road agenciesin Colorado are
considering Superpave specifications
including the Colorado DOT, City of
Auroraand City of Fort Callins.

The Superpave mix will be about $3 more per
ton than a conventional mix. Thecity isalso
considering the use of polymer additives which
would increase the cost to about $14 more per
ton than a conventional mix.




Table 27.

Summary of Case Histories on the Use of Superpave Binder and Mix Systems (con't).

State

Experiencewith
SUPERPAVE

Performance

Expectations

Cost

Kentucky

Superpave PG 70-22 binder and 9.5 mm
nominal size mix was used on the East-
West Connector in the Frankfort areain
1995. One and one-half inches of the
original material was milled and replaced
on this four-lane facility for a distance of
five miles.

Not available.

Three projects contracted for 1995.

Performance Grade asphalt will be
permitted asan option to all AC grades
in 1996.

Full implementation of Superpave binder
specs will occur in 1997.

Full use of Superpave binder and mix
design specifications is scheduled for
2000.

It is expected that with Superpave, the
life of Kentucky pavements on the heavy
volume routes will increase.
Congtruction time will not change

appreciably.

Upon implementation of the Performance
Grade specification, expected binder costs may
increase about 10%, but thisis primarily due
to the new specification testing. It is expected
that costswell level out to about the same asin
the past.

The costs for pavement maintenance and
rehabilitation should be greatly reduced. The
savings should be substantia if the 3-year
repaving cycle can even beincreased to 6
years.

Michigan

Binder equipment has been used to
evaluate asphalt cements currently
certified for use on MDOT projects. An
examination of the effects of different
RAP percentages on performance grades
was initiated using the binder equipment.
A specia provision that will use a PG
grade binder will be introduced on some
projects during the 1995 construction
Season.

Gyratory compactor is being eval uated.
About 10 designs have been tested so far.

SPS-9 section planned for 1995.

Not available.

Full Superpave mix design
implementation scheduled for 2000.

Gyratory compactor will be used on al
mix designs tested this season to build up
adata base and to gain more experience.
Th gyratory compactor will provide
valuable mix design information.

Not available.




Table 27.

Summary of Case Histories on the Use of Superpave Binder and Mix Systems (con't).

State

Experiencewith
SUPERPAVE

Performance

Expectations

Cost

Minnesota

Blue Earth County built a Superpave
Level | design asan overlay to alow-
volume pavement. The project consisted
of a2-inch overlay, 3.5 mileslong ona
county road. There were three test
sections:

1. Control conventional mix.

2. Superpave mix using 120-150 pen
asphalt.

3. Superpave mix using 200-300 pen
asphalt.

Because the project is so recent, any
judgment as to performance s limited to
an intuitive feeling that “it was a good-
looking materials going down.”

Expected benefits to be realized include
longer pavement life and decreased
maintenance costs.

The Superpave mix was dightly more
expensive than conventional (lessthan 5
percent).

Missouri

Asphalt binder equipment products are
being used in the Central Materials
Laboratory of the Materials and Research
Division. The binder equipment isused in
day-to-day testing of asphalt to verify
SHRP binder grade.

Superpave binder testing requires more
time than conventional asphalt testing.

A leve | Superpave mix project isin the
design process for an SPS-9a experiment.

Not available.

Long -term cost savings, less pavement
rutting, and longer pavement life are
anticipated with the implementation of
the Superpave binder specification (full
implementation planned for 1997).

Thereis concern regarding the reliability
and durability when full transition to
Superpave binder specifications occur.
Thereis aso concern that sample
throughput will be inadequate.

On the test projects using the performance
grade binder, the asphalt cement cost was
double previous costs. The HMA cost
increased approximately $7.00 per ton.

Nebraska

The gyratory compactor was used during
thefirst half of 1995 to help the City of
Lincoln develop amix design for a
Superpave Level | experimental project.

The compactor produced very
satisfactory specimens and does a good

job of replacing the Marshall compactor.

Laboratory compacted samples will more
closely smulate field compaction of
asphalt pavements.

Not available.




Table 27.

Summary of Case Histories on the Use of Superpave Binder and Mix Systems (con't).

State

Experiencewith
SUPERPAVE

Performance

Expectations

Cost

New Mexico

Equipment acquisition isunderway. All
equipment isin place needed to implement
Superpave Level | mix designs.
Superpave aggregate grading
specifications have been used on 2
projects.

FHWA-loaned binder equipment was
utilized in-state for a 6-week period to
gain some hands-on experience.

An SPS-9 pavement section is planned on
1-10 near Lordsburg.

Not available.

For 1996, it is expected that each district
will build at least one project using the
Superpave gradation controls.

Not available.

New York

The DOT built five pilot projects during
1995 using asphalt binders meeting
Superpave specifications. All projects
were located in the Adirondack
Mountains and were selected due to the
area shistory of low-temperature
cracking. The projectsranged from full-
depth reconstructions to recycled partial-
depth reconstructions to simple overlays.
Fifty-six miles of roadway were paved.

Comparisons will be made to sections
built with conventional AC-20.

Not available.

Although the full benefits of the
Superpave system will not be realized
until the mix test equipment isin-place
and operational, information gathered
from the pilot projects will be avaluable
first step in understanding this
technology. New York State DOT plans
on building more test sections
incorporating both Superpave binder and
mix design technologies.

The mix containing the performance grade
binder increased the cost of the asphalt by
about $11 per metric ton; however, the DOT
expects the price to drop significantly as
familiarity of the materials increases and the
market expands.




Table 27. Summary of Case Histories on the Use of Superpave Binder and Mix Systems (con't).
State Experiencewith Performance Expectations Cost
SUPERPAVE
North Carolina | All binder and mix equipment isin place. Not available. NCDOT hasinvested itstimeand money | Not available.
into these products for the potentia of
Eight test sections are planned for SPS-9 increasing pavement performance.
study: Simply, if the pavements last longer, less
New construction money will be used to maintain them.
1. NC standard binder and mix. Increased pavement performance and the
2. Superpave Basdline PG-binder and cost savings associated with using this
Superpave mix. technology are the perceived benefits
3. Superpave Alternative PG-binder and from the use of these SHRP products.
Superpave mix.
Overlay
4. NC standard binder and mix.
5. Superpave Baseline PG-binder and
Superpave mix.
6. SBR Polymer modified binder and
Superpave mix.
7. SBS Polymer modified binder and
Superpave mix.
8. Polymer modified binder and SMA.

North Dakota | North Dakota began using the asphalt Not available. Thermal cracking is a problem that
binder equipment in 1995. The North Dakotaistrying to combat and it
equipment is used in the North Dakota expects that the use of appropriate
Materials and Research Lab to grade binders will extend pavement life and
asphalt binders. minimize cracking.

North Dakotais still in the process of North Dakota s planning to convert its
evaluating the equipment, but preliminary penetration graded specificationsto a
comments and test results are positive. performance graded system.
Overall, North Dakota is optimistic
about the equipment potential,
information, and test data that can be
obtained from using this SHRP product.




Table 27. Summary of Case Histories on the Use of Superpave Binder and Mix Systems (cont’ d).
State Experiencewith Performance Expectations Cost
SUPERPAVE
Pennsylvania | Two projects have been built using Not available. PennDOT anticipates about 6 new Not available.
Superpave asphalt binder specifications: projects for 1996 using the PG binder
One project was aone-mile long climbing specifications.
lane added to US Route 22, the other was
the rehabilitation of two intersections near
Allentown. Both projects were
constructed in 1995.
PennDOT used a Superpave Level | mix
design for the US Route 22 pavement.
The intersection pavement was
constructed by the City of Allentown.
Tennessee Level | mix design placed on State Route After 3 months of service, performanceis | Work isunderway to develop a surface Not available.
109 in 1994 using PG70-28. good. and binder Level | mix design for a
Thisisan area of heavy and slow truck heavily rutted intersection near
traffic going between the numerous truck Mix designs proved to be coarser and Nashville.
stops and the interstate. Design based on contained lower asphalt content than
15.2 million ESAL. conventional surface and binder mixes.
Local aggregates did not always provide
Surface thickness was 1.5 inches and the necessary fine aggregate angularity
binder course was 3-inches thick. and gradations needed for the target
VMAs.
Texas Superpave binder testing equipment isin Not available. Binder specification implementation A gross estimate of savings to be realized by

place (except for direct tension) and focus scheduled for 1997. implementation of the Superpave binder
has been on evaluating the binder specification is placed at $2.2 billion over 30
specification and supporting tests. . Evaluations of Superpave mixture tests years.

are being deferred until equipment is

available and the regional Superpave

Centers conduct some eval uation




Table 27. Summary of Case Histories on the Use of Superpave Binder and Mix Systems. (Cont’ d).
State Experiencewith Performance Expectations Cost
SUPERPAVE
Washington WSDOT has written a provisional Not available. Full implementation of Superpave binder | Not available.
specification to implement the PG specification is scheduled for 1997.
specifications for 3 test sections during the
1995 construction season. Each of the 3
jobswill require about 20,000 tons of hot
mix .
The state reviewed and evaluated the
climatic regions of Washington to
categorize the appropriate grade per
region. Western Washington isall one
grade: 58-22. Northeastern Washington
is53-34 and southeastern areas are 64-28.
Wisconsin Three test sections placed on 1-43 in After 2 yearsof service, rutting Superpave performance models predicted | Superpave mix cost was 25 percent more than
1992: performance was as follows: thefollowing at 2 years of service: conventional mix.
1. Superpave mix, Superpave mix 0.02 inch, Rutting < 0.1inch, SMA mix cost was 15 to 35 percent more than
2. SMA mix, SMA mix 0.05 inch, Cracking 20 percent. conventional.
3. Superpave Mix Conventiona mix 0.02 inch.
Reflective cracking results:
Superpave mix 20 percent,
SMA mix 35 percent,
Conventional mix 55 percent.




Cost Savings of Improved Binder Specifications

Many asphalt overlays use the incorrect binder specification for the given load and climate
conditions. The Texas case study estimated that approximately 25 percent of overlays use the
wrong binder. Asaresult of the SHRP research, improved asphalt binder specifications have
been developed. These improved binder specifications allow those pavements which have had
overlays using inferior binders to last longer between overlays. By properly specifying the correct
binder for overlays, pavement and overlay life can be extended. The Texas case study estimates
that time between overlays can be extended from 8 years, using the wrong binder, to 12 years,
using the correct binder. For purposes of the cost savings estimates in this section, a more
conservative increase to 10 yearsis used to take into account potentially less variability in the use
of incorrect bindersin other states.

In order to estimate the potential savings of the improved binder specifications, it isfirst
necessary to estimate the number of highway miles that could be impacted. Tables 28 and 29 give
the total highway mileage in the United States for urban and rural areas, respectively. Over half
of the total mileage isin the rural collector categories. The mileage in the local functional classis
excluded from these totals because they primarily consist of low-volume roads with either no
pavement or athin surface treatment. There would be few highway sectionsin the local
functional class that would benefit by improved binder specifications.

Table 30 gives the breakdown of vehicle milestraveled by functiona class and highway
type. The vehicle milestraveled are necessary to estimate the average daily traffic for each
highway type to be used in the MicroBENCOST computer program. It isinteresting to note that
only asmall portion of the vehicle miles traveled are on the rural collector classes, which make up
the bulk of highway mileage. Most vehicle miles are concentrated on the higher functional classes
in urban aress.

Tables 31 and 32 give the total asphalt highway mileage in the United States, along with a
breakdown by highway type. Highway Satistics (1) does not give highway mileage cross
classified by type of surface and highway type. Therefore the proportion of total mileage for each
functional classis used to categorize the asphalt pavement mileage by highway type. Nearly al
the asphalt highway mileage is concentrated in the 2-lane undivided category. Asphalt highway
mileage covers severa categories of pavement type surface categories, including intermediate,
high flexible and high composite. The low pavement type was excluded because it consists of a
pavement surface thickness of 1 inch or less. The improved binder specifications would not be
applicable in most cases to these thin surface treatments.

Tables 33 and 34 give vehicle miles traveled by highway type. Again, Highway Satistics
(1) does not give a breakdown of vehicle miles traveled by highway type, so the proportion of
each highway type to the total for each functional classis used to make those estimates. The
freeway and 2-lane undivided highway categories have the highest totals of vehicle milestraveled,
with asmaller total for the 4-lane divided category.
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Table 35 is a summary table giving the average daily traffic volumes and highway mileage
by highway type. Not surprisingly, the urban freeways have the highest traffic and the rural
undivided highways have the most mileage. The average daily traffic volumes are used in the
MicroBENCOST program to estimate agency and motorist savings for each of the six highway
type categories. The MicroBENCOST analysis makes estimates for a one-mile highway segment
by comparing the costs of continuing to use current binder specifications over a 40 year life cycle
versus using the improved binder specifications. The asphalt mileage with the wrong binder is
used to aggregate the MicroBENCOST results for potential cost savings nationwide. The
analysis uses 25 percent as the amount of asphalt mileage in the U.S. with the wrong binder, the
amount estimated in the Texas case study.

One of the main benefits to transportation agencies of improved binder specificationsis
reduction in the frequency of overlays for those highways using the wrong binder for overlays. In
order to estimate the savings of fewer overlays, it is necessary to have information on the costs of
overlays. Federal Highway Administration has made estimates of average overlay costs as part of
their Highway Performance Monitoring System (HPMS) (2). These estimates are givenin Table
36, which represents an average of the more detailed HPM S numbers. The Texas case study uses
$60,000 per lane mile with current binders, and a higher $64,000 per lane mile using improved
binders. Thisamounts to an increased cost of 6.67 percent, which isused in Table 35 for the
improved binder costs. The Texas case study does not give a breakdown of overlay costs by
highway type, but the $60,000 per lane mile would be equivaent to $240,000 per mile for 4-lane
highways and $120,000 per mile for 2-lane highways. These numbers are roughly comparable to
the numbers in Table 36, with some higher and others lower, as would be expected. Itis
concluded that the numbersin Table 36 are reasonable and can be used to estimate cost savings
nationwide.

The main benefits to motorists of improved binders is the reduction in delay and vehicle
operating costs caused by rough pavements. Rough pavements cause vehicles to slow down and
cause increased fuel consumption and wear on the vehicle. Improved asphalt binders would alow
motorists to travel on smoother pavements for longer periods of time before the roadways
deteriorate and require an overlay. MicroBENCOST uses the Present Serviceability Index (PSI)
to estimate the motorist impacts of rough pavements. Table 37 gives the PS| values from HPMS
(2) for the PSI immediately after an overlay and the minimum PSI triggering an overlay.
MicroBENCOST requires aPSI value for each year over the analysis period, so the valuesin
Table 37 are used to estimate the coefficients of an equation, which in turn is used to estimate PSI
values for each year. The equation isin the form:

PSI, = PSI, - bt

where,
PSI, = calculated PSI for year t,
PSl, = PSI in first year of overlay,
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t

year t,
b,c = caculated coefficients.

Table 38 gives the calculated PSI values for each highway type over a40 year analysis
period. A 40 year analysis period was chosen because both the 8-year cycle and 10-year cycle
end together at 40 years. The current binder has five 8-year cycles and the improved binder has
four 10-year cycles. In addition, along analysis period minimizes any distortionsin the life-cycle
costs using shorter periods. While there is no perfect way to compare aternatives with different
lives, the forty year analysis period in this instance will give a good approximation of the relative
savings that can be expected using improved asphalt binders.

The ADT valuesin Table 35, the overlay costsin Table 36, and the PSI valuesin Table
39, were used to make several runs using the MicroBENCOST PC computer program. A 40 year
analysis period was used, along with a5 percent discount rate. In addition, an annual traffic
growth rate of 2.1 percent was assumed, which is approximately the historical growth of traffic in
the United States (3).

The results of the analysis for each highway type are given in Table 39. Detailed
MicroBENCOST outputs are given in Appendix D. The agency cost savings consist of overlay
cost savings partially offset by some implementation costs. These implementation costs are
derived from the Texas case study information and consist of new binder test equipment, annual
maintenance on the equipment and additional personnel costs to conduct the tests. The motorist
cost savings are broken down into two categories, delay savings and reduction in vehicle
operating costs (VOC). As expected the greatest savings are for the higher volume facilities and
much lower savings for the low-volume highways. The urban freeway, for example, would
generate more than amillion dollars per mile in motorist savings and over $200,000 per milein
agency savings. In contrast the rural 2-lane highway would result in about $51,000 in motorist
savings and $35,000 in agency savings.

In order to compare the cost savings, it is necessary to convert the total savings per milein
Table 38 to an annual cost savings. This can be done using equivalent uniform annual cost
factors. The factor for a uniform series over 40 years using a 5 percent discount rateis 17.16. By
dividing each number in Table 39 by 17.16, it can be converted into annual savings. These annual
numbers are given in Table 40. The numbers range from $72,184 for an urban freeway to $5,004
for arura 2-lane undivided highway.

These annual cost savings per mile can then be aggregated using the total asphalt mileage
with the wrong binder, as shown in in Table 34. Thetotal annua cost savings are given in Table
41. Thistable shows that atotal of ailmost $2.8 billion could be saved annually in the U.S. using
improved binders for asphalt overlays. Of thistotal, about $750 million would represent annual
agency savings, and $2 billion represents annual motorist savings.

The numbersin Table 39 represent the total potential annual savingsif all agencies
immediately implemented the improved binder specification. Of course there is an implementation
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process that will be followed as states experiment with improved binders and gradually increase
the use of the binders as favorable results are demonstrated. That implementation will occur over
the next few years and is expected to vary widely from state to state. For those reasons the total
shown in Table 41 may not give aredlistic picture of the practical benefits that can be expected
from improved binder specifications.

Tables 42, 43, and 44 give estimates of the total estimated benefits over 20 years assuming
a"dow" implementation scenario, a"moderate” implementation scenario, and a "fast"
implementation scenario, respectively. The slow implementation scenario assumes a 100 percent
implementation after 10 years, the moderate implementation scenario assumes a 100 percent
implementation after 5 years, and the fast implementation scenario assumes a 100 percent
implementation occurring immediately. Thereis an indication that several states will be using the
new binder specifications in the near future because of the substantial savings that can be
generated by switching to the improved binders. Therefore, these scenarios give a reasonable
range on the potential benefits of likely implementation scenarios. The potential cost savings are
substantia, ranging from $22.5 billion to $36.5 billion over the next twenty years. The savings to
agencies alone would range from $6.0 to $9.8 hillion in present value dollars.

Table 28. Urban Highway Mileage in United States by Functional Class and Highway Type*
Urban Functional Class
Highway Type Inter- Other Other Minor Collect Totd
state Freeway | PrinArt Arterial

Freeway 13,126 7,171 3,754 1,089 74 25,214
4-L ane Divided 0 1,106 28,362 23,334 6,650 59,452
2-Lane Undivided 0 718 20,974 63,429 79,374 | 164,495
Total 13,126 8,995 53,090 87,852 86,098 | 249,161

! Excludes highway mileage in local functional class. Local functional classis defined as "local
roads and streets, which serve the land access function to the residential areas, individual farms,
and other local areas." Freeway is defined as 4-lane divided highway with full or partial access

control. 4-Lane Divided is defined as 4-lane divided with no access control and other.

Source: Highway Satistics, 1994 (1), Table HM-55, pp. V44-V45.
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Table 29. Rural Highway Mileage in United States by Functional Class and Highway Type'
Rura Functional Class
Highway Type Inter- Other Minor Major Minor Total
state Prin Art | Arteria Collect Collect

Freeway 32,457 9,846 906 554 0 43,763
4-Lane Divided 0 14,725 5,753 4,215 0 24,693
2-Lane Undivided 0 72424 | 131512 | 426,342 | 282,025 | 912,303
Total 32,457 96,995 | 138,171 | 431,111 | 282,025 | 980,759

! Excludes highway mileage in local functional class. Freeway is defined as 4-lane divided

highway with full or partial access control. 4-Lane Divided is defined as 4-lane divided with no
access control and other. Rural Minor Collector not broken down by highway type, so al mileage
is assigned to the 2-lane undivided category.

Source: Highway Satistics, 1994 (1), Table HM-57, pp. V46-V47.
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Table 30. Annua Vehicle-Miles of Travel and Average Daily Traffic Volume by Functional

Class
Annual Vehicle | Average Daily
Miles Traveled | Traffic Volume
Functional Class (Millions)
Urban
Interstate 331,200 69,130
Other Freeway 147,560 44,944
Other Principal Arterial 364,492 18,810
Minor Arterial 286,359 8,930
Collector 120,118 3,822
Total 1,249,729 13,742
Rural
Interstate 215,918 18,226
Other Principal Arterial 207,567 5,863
Minor Arterial 149,949 2,973
Major Collector 182,328 1,159
Minor Collector 48,561 472
Total 804,323 2,247
Source: VMT taken from Highway Satistics 1994 (1), Table VM-2, p. V-116. ADT

calculated from VMT and highway mileage in Tables 28 and 29.
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Table 31. Urban Asphalt Highway Mileage by Functiona Class and Highway Type

Urban Functiona Class

Inter- Other Other Minor Collect Total
state Freeway | PrinArt Arterial
Total Asphalt
Mileagein U.S* 7,845 5,749 46,862 79,290 76,765 | 216,511
Proportion of
Total Mileage 0.60 0.64 0.88 0.90 0.89 0.87
Asphat Mileage by
Highway Type
Freeway 7,845 4,583 3,314 983 66 16,791
4-Ln Div 0 707 25,035 21,060 5,929 52,731
2-Lane 0 459 18,514 57,247 70,770 | 146,990
Total 7,845 5,749 46,862 79,290 76,765 | 216,511

1 Asphalt Mileage includes the following pavement type surface categories. Intermediate Type,
High Type Flexible, High Type Composite.

Source: Asphalt mileage taken from Highway Satistics 1994 (1), Table HM-51, pp. V36-V37.
Proportion of mileage calculated from asphalt mileage and total urban mileage, Table 28. Asphalt
mileage by highway type calculated from proportion of total and mileage by highway type, Table
28.
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Table 32.

Rura Asphalt Highway Mileage by Functiona Class and Highway Type

Rura Functional Class

Inter- Other Minor Major Minor Total
state Prin Art | Arteria Collect Collect
Total Asphalt
Mileagein U.S* 22,010 86,218 | 131,696 | 325,086 | 148,763 | 713,773
Proportion of
Total Mileage 0.68 0.89 0.95 0.75 0.53 0.73
Asphat Mileage by
Highway Type
Freeway 22,010 8,752 864 418 0 32,043
4-L.n Div 0 13,089 5,483 3,178 0 21,751
2-Lane 0 64,377 | 125349 | 321,490 | 148,763 | 659,979
Total 22,010 86,218 | 131,696 | 325,086 | 148,763 | 713,773

1 Asphalt Mileage includes the following pavement type surface categories. Intermediate Type,
High Type Flexible, High Type Composite.

Source: Asphalt mileage taken from Highway Satistics 1994 (1), Table HM-51, pp. V34-V 35.
Proportion of mileage calculated from asphalt mileage and total urban mileage, Table 30. Asphalt
mileage by highway type calculated from proportion of total and mileage by highway type, Table

31.
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Table 33. Urban Vehicle Miles Traveled on Asphalt Highways by Functional Class and
Highway Type
Urban Functional Class
Inter- Other Other Minor Collect Totd
state Freeway | PrinArt Arterial
Prop. of Mileage
by Highway Type
Freeway 1.00 0.80 0.07 0.01 0.00 0.10
4-Ln Div 0.00 0.12 0.53 0.27 0.08 0.24
2-Lane 0.00 0.08 0.40 0.72 0.92 0.66
VMT (million) by
Highway Type
Freeway 331,200 | 117,638 25,773 3,550 103 478,266
4-Ln Div 0 18,144 | 194,721 76,059 9,278 298,200
2-Lane 0 11,779 | 143,998 | 206,751 | 110,737 473,266
Totd 331,200 | 147,560 | 364,492 | 286,359 | 120,118 | 1,249,729

Source: Calculated from Tables 28 and 30.
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Table 34. Rural Vehicle Miles Traveled on Asphalt Highways by Functional Class and
Highway Type
Rura Functional Class
Inter- Other Minor Major Minor Total
state Prin Art Arterid Collect Collect
Prop. of Mileage
by Highway Type
Freeway 1.00 0.10 0.01 0.00 0.00 0.04
4-Ln Div 0.00 0.15 0.04 0.01 0.00 0.03
2-Lane 0.00 0.75 0.95 0.99 1.00 0.93
VMT (million) by
Highway Type
Freeway 215,918 21,070 983 234 0 238,206
4-Ln Div 0 31,511 6,243 1,783 0 39,537
2-Lane 0| 154986 | 142,722 | 180,311 | 48,561 526,580
Total 215918 | 207,567 | 149,949 | 182,328 | 48,561 804,323

Source: Calculated from Tables 29 and 31.
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Table 35. Average Daily Traffic and Mileage by Highway Type.
Mileage by Category
Average _
Highway Type Daily Traffic | Total Mileage | Asphalt Asphalt
Highway Mileage with
Mileage Wrong
Binder!
Urban
Freeway 51,968 25,214 16,791 4,198
4-L_ane Divided 13,742 59,452 52,731 13,183
2-Lane Undivided 7,882 164,495 146,990 36,747
Rurad
Freeway 14,913 43,763 32,043 8,011
4-Lane Divided 4,387 24,693 21,751 5,438
2-Lane Undivided 1,581 912,303 659,979 164,995

! Assumes 25% of Asphat Highway Mileage use wrong binder specification.

Source: Calculated from Tables 28 through 34.
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Table 36. Overlay Costs per Mile (Thousand $).

Urban Rural
Highway Type Current Binder Improved Current Binder Improved
Binder! Binder!
Freeway 608 649 325 347
4-L_ane Divided 416 444 261 278
2-Lane Undivided 237 253 103 110

! Assumes the overlay costs with the improved binder specification increases 6.67%.

Source: Overlay costs using current binders taken from HPM S Technical Manual (2), pp. 11-10
and I1-13.

Table 37. Overlay and Minimum Present Serviceability Index Vaues by Highway Type.

Urban Rural
Highway Type PSI After Minimum PSI After Minimum
Overlay PSI Overlay PSI
Freeway 4.3 3.0 4.3 3.0
4-Lane Divided 4.2 2.8 4.2 2.8
2-Lane Undivided 4.0 24 4.0 24

Source: HPMS Technical Manua (2), pp. 11-8, 11-12, and 11-16.
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Table 38.

Yearly PSl Vaues Used in MicroBENCOST.

Freeway 4-Lane Divided 2-Lane Undivided
Year Current Binder Improved Current Binder Improved Current Binder Improved
Binder Binder Binder

1 4.30 4.30 4.20 4.20 4.00 4.00
2 4.29 4.30 4.19 4.20 3.99 4.00
3 4.24 4.29 4.13 4.19 3.92 3.99
4 4.13 4.26 4.02 4.15 3.79 3.95
5 3.96 4.20 3.84 4.09 3.58 3.87
6 3.72 4.09 3.58 3.97 3.29 3.74
7 3.40 3.93 3.23 3.80 2.90 3.55
8 3.00 3.70 2.80 3.56 2.40 3.27
9 4.30 3.40 4.20 3.23 4.00 2.89
10 4.29 3.00 4.19 2.80 3.99 2.40
11 4.24 4.30 4.13 4.20 3.92 4.00
12 4.13 4.30 4.02 4.20 3.79 4.00
13 3.96 4.29 3.84 4.19 3.58 3.99
14 3.72 4.26 3.58 4.15 3.29 3.95
15 3.40 4.20 3.23 4.09 2.90 3.87
16 3.00 4.09 2.80 3.97 2.40 3.74
17 4.30 3.93 4.20 3.80 4.00 3.55
18 4.29 3.70 4.19 3.56 3.99 3.27
19 4.24 3.40 4.13 3.23 3.92 2.89
20 4.13 3.00 4.02 2.80 3.79 2.40
21 3.96 4.30 3.84 4.20 3.58 4.00
22 3.72 4.30 3.58 4.20 3.29 4.00
23 3.40 4.29 3.23 4.19 2.90 3.99
24 3.00 4.26 2.80 4.15 2.40 3.95
25 4.30 4.20 4.20 4.09 4.00 3.87
26 4.29 4.09 4.19 3.97 3.99 3.74
27 4.24 3.93 4.13 3.80 3.92 3.55
28 4.13 3.70 4.02 3.56 3.79 3.27
29 3.96 3.40 3.84 3.23 3.58 2.89
30 3.72 3.00 3.58 2.80 3.29 2.40
31 3.40 4.30 3.23 4.20 2.90 4.00
32 3.00 4.30 2.80 4.20 2.40 4.00
33 4.30 4.29 4.20 4.19 4.00 3.99
34 4.29 4.26 4.19 4.15 3.99 3.95
35 4.24 4.20 4.13 4.09 3.92 3.87
36 4.13 4.09 4.02 3.97 3.79 3.74
37 3.96 3.93 3.84 3.80 3.58 3.55
38 3.72 3.70 3.58 3.56 3.29 3.27
39 3.40 3.40 3.23 3.23 2.90 2.89
40 3.00 3.00 2.80 2.80 2.40 2.40
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Table 39.

Discounted Cost Savings per Mile over a40 Year Analysis Period (Thousand $)

Urban Rural
Freaway 4-Lane 2-Lane Freaway 4-Lane 2-Lane
Divided Undivided Divided Undivided
Agency Cost Savings
Overlays
Implement 207.00 142.00 81.00 111.00 90.00 35.00
Total -0.17 -0.17 -0.17 -0.17 -0.17 -0.17
206.83 141.83 80.83 110.83 89.83 34.83
Motorist Cost
Savings
Delay 234.43 179.99 135.22 61.79 57.89 17.38
vocC 797.36 458.43 137.02 275.71 160.70 33.65
Total 1,031.79 638.42 272.24 337.50 218.59 51.03
Total Cost Savings
1,238.62 780.25 353.07 448.33 308.42 85.86
Source: Output from MicroBENCOST program.
Table 40. Equivaent Uniform Annual Cost Savings per Mile ($).
Urban Rurd
Freeway | 4-Lane 2-Lane Freeway 4-Lane 2-Lane
Divided Undiv Divided Undiv
Agency Cost
Savings
Total 12,053 8,265 4,710 6,459 5,235 2,030
Motorist Cost
Savings
Deday 13,662 10,489 7,880 3,601 3,374 1,013
vVOC 46,469 26,716 7,985 16,068 9,365 1,961
Total 60,131 37,206 15,866 19,669 12,739 2,974
Total Cost
Savings 72,184 45471 20,576 26,128 17,974 5,004
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Table 41. Total Annual Cost Savings (Million $)

Urban Rurd
Fwy | 4-Ln 2-Ln Frwy | 4-Ln 2-Ln Total
Div Undivided Div | Undivided
Agency Cost
Savings
Totd 50.60 108.96 173.09 51.74 | 28.47 334.87 747.73
Motorist Cost
Savings
Delay 57.35 | 138.28 289.58 [ 28.85| 18.35 167.12 | 699.53
vVOC 195.08 | 352.20 293.43 | 128.72 | 50.93 323.57 | 1,343.93
Total 252.43 | 490.49 583.01 | 157.57 | 69.27 490.68 | 2,043.46
Total Cost
Savings 303.03 | 599.45 756.11 | 209.31 | 97.74 825.55 | 2,791.19

Source: Calculated from Table 40, using wrong binder mileage Table 35.
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Table 42.

Total Cost Savings with a Slow Implementation Scenario.

Year Implementation Rate | Discounted Agency Discounted Motorist Total Discounted
(Percent) Savings (Million $) Savings Savings (Million $)
(Million $)

1 2.4 17.95 49.04 66.99

2 6.8 48.42 132.34 180.76

3 13.3 90.20 246.51 336.71
4 21.4 138.23 377.76 515.98
5 31.0 190.70 521.16 711.86

6 42.2 247.24 675.66 922.90

7 54.7 305.21 834.10 1,139.31

8 68.6 364.54 996.24 1,360.78

9 83.7 423.60 1,157.65 1,581.25
10 100.0 481.99 1,317.23 1,799.22
11 100.0 459.04 1,254.51 1,713.55
12 100.0 437.18 1,194.77 1,631.95
13 100.0 416.37 1,137.87 1,554.24
14 100.0 396.54 1,083.69 1,480.23
15 100.0 377.66 1,032.08 1,409.74
16 100.0 359.67 982.94 1,342.61
17 100.0 342.54 936.13 1,278.68
18 100.0 326.23 891.55 1,217.79
19 100.0 310.70 849.10 1,159.80
20 100.0 295.90 808.67 1,104.57
20-Year Total 6,029.91 16,478.99 22,508.91
Equiv. Ann. 483.86 1,322.32 1,806.17

Tot.

Source: Calculated from Table 40, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.

87




Table 43. Total Cost Savings with a Moderate | mplementation Scenario.
Year Implementation Rate | Discounted Agency Discounted Motorist Total Discounted
(Percent) Savings (Million $) Savings Savings (Million $)
(Million $)

1 6.8 50.85 138.96 189.80

2 21.4 152.39 416.48 568.87

3 42.2 286.21 782.17 1,068.37

4 68.6 443.10 1,210.94 1,654.04

5 100.0 615.16 1,681.16 2,296.32

6 100.0 585.87 1,601.10 2,186.97

7 100.0 557.97 1,524.86 2,082.83

8 100.0 531.40 1,452.25 1,983.65

9 100.0 506.09 1,383.09 1,889.19

10 100.0 481.99 1,317.23 1,799.22

11 100.0 459.04 1,254.51 1,713.55

12 100.0 437.18 1,194.77 1,631.95

13 100.0 416.37 1,137.87 1,554.24

14 100.0 396.54 1,083.69 1,480.23

15 100.0 377.66 1,032.08 1,409.74

16 100.0 359.67 982.94 1,342.61

17 100.0 342.54 936.13 1,278.68

18 100.0 326.23 891.55 1,217.79

19 100.0 310.70 849.10 1,159.80

20 100.0 295.90 808.67 1,104.57
20-Year Total 7,932.87 21,679.52 29,612.39
Equiv. Ann. 636.55 1,739.62 2,376.18

Tot.

Source: Calculated from Table 40, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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Table 44. Total Cost Savings with a Fast Implementation Scenario.
Year Implementation Rate | Discounted Agency Discounted Motorist Total Discounted
(Percent) Savings (Million $) Savings Savings (Million $)
(Million $)
1 100.0 747.73 2,043.46 2,791.19
2 100.0 712.13 1,946.15 2,658.27
3 100.0 678.21 1,853.48 2,5631.69
4 100.0 645.92 1,765.21 2,411.13
5 100.0 615.16 1,681.16 2,296.32
6 100.0 585.87 1,601.10 2,186.97
7 100.0 557.97 1,524.86 2,082.83
8 100.0 531.40 1,452.25 1,983.65
9 100.0 506.09 1,383.09 1,889.19
10 100.0 481.99 1,317.23 1,799.22
11 100.0 459.04 1,254.51 1,713.55
12 100.0 437.18 1,194.77 1,631.95
13 100.0 416.37 1,137.87 1,554.24
14 100.0 396.54 1,083.69 1,480.23
15 100.0 377.66 1,032.08 1,409.74
16 100.0 359.67 982.94 1,342.61
17 100.0 342.54 936.13 1,278.68
18 100.0 326.23 891.55 1,217.79
19 100.0 310.70 849.10 1,159.80
20 100.0 295.90 808.67 1,104.57
20-Year Total 9,784.31 26,739.29 36,523.60
Equiv. Ann. 785.12 2,145.63 2,930.75
Tot.

Source: Calculated from Table 40, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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CHAPTER 4

LIFE-CYCLE EFFECTS OF SHRP PORTLAND
CEMENT CONCRETE PRODUCTS

CONCRETE AND STRUCTURE RESEARCH

The highway industry consumes about 16 percent of the Portland cement used for
construction in the United States. Despite the widespread use of concrete, research is needed on
the product to improve its performance and to better understand the chemistry associated with
hydration and hardening of Portland cement. Durability of Portland cement concrete remains a
problem and a more compl ete understanding of the effects of additives is needed.

Annual bridge project obligations currently are about $3.5 billion. Bridge replacement
accounts for $1.4 billion, new bridges $0.7 billion, mgjor bridge rehabilitation $0.89 billion and
minor bridge work $0.17 billion. These obligated levels are insufficient to satisfy future needs for
bridge replacements, rehabilitation and maintenance.

OBJECTIVES

The objectives of the SHRP Portland cement and Portland cement concrete research were
to increase the service life of concrete through an improved understanding of the chemistry of
cement hydration, the properties of concrete and the performance of concrete in the highway
environment.

The objectives of the structures research program were to provide methods to protect and
rehabilitate existing chloride-contaminated concrete bridge components and to develop a decision
model that will identify the most appropriate treatment for any structure under an agency’s
jurisdiction.

Resear ch Projects

The proposed SHRP research on Portland cement and Portland cement concrete identified
four projects:

chemistry and physics of cement and concrete,

durability of concrete,

quality control and condition analysis through nondestructive testing, and
mechanical behavior of concrete.

pwd PR
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The results from these research projects were expected to give guidelines to improve
Portland cement properties such as strength gain and curing and the durability of concrete in
diverse climates using various additives.

SHRP research on structures identified four projects:

pwWdD PR

inspection and assessment of the physical condition of concrete structures,
protection and rehabilitation by electrochemical methods,

protection and rehabilitation by other than electrochemical methods, and
methodology for the protection and rehabilitation of bridges.

The results from these research projects were expected to determine how and when to
protect bridges from corrosion to minimize life-cycle maintenance costs.

ACCOMPLISHMENTS

SHRP concrete and structures research and development produced 44 products that can
be grouped into 10 areas as shown below.

Concrete Areas

Sructures Areas

Concrete performance
Alkali-silicareactivity

Freezing and thawing resistance
Non-destructive testing
Concrete-strength tests

Optimum highway-concrete technology

Diagnostic tools for concrete bridge physical condition assessment
Concrete permeability tests

Concrete sedlers

Concrete bridge protection and rehabilitation — other than electrochemical
techniques

Twenty-four products were developed for concrete and 20 products for structures.
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Concrete Products

Portland cement and Portland cement concrete products included handbooks for mixture
design; guiddlines for thermal effects; tests for recognition and mitigation of akali-silica reactivity;
tests and mitigation techniques for freeze-thaw; non-destructive tests for strength, air content and
flaw detection, high-performance concrete; concrete strength tests and procedures for optimizing
the properties and performance of Portland cement concrete.

Structures Products

Structures products included diagnostic tools, repair methods and guidelines for selecting
appropriate rehabilitation and maintenance treatments for bridges. Some of the diagnostic tools,
repair methods and guidelines for selecting appropriate rehabilitation and maintenance
treatments for bridges included chloride content tester, permeability tests and corrosion rate tests.
Repair methods included chloride removal, cathodic protection, rapid repair, marine structures
and concrete removal. Guidelines for selecting appropriate rehabilitation and maintenance
treatments were included in manuals and computer programs.

Post-SHRP Activities

Additional research, development and implementation activities resulted from the SHRP
research on concrete and structures. Sponsored research and development by FHWA, state and
industry included electrochemical chloride extraction, concrete curing relationships (curing tables)
and mix design aggregate packing.

The maor implementation efforts currently underway are funded by FHWA and state
highway agencies. They include the five “showcase” workshops listed below.

. Assessment of Physical Condition and Concrete Structures

. Methodologies for Selection and Implementation of Bridge Protection and
Rehabilitation Techniques

. Alkali-Silica Reactivity

. Concrete Durability

. High-Performance Concrete

Equipment loan programs were developed by FHWA for the impact echo device, alkali-
slicareactivity field kit, ac impedance test, air-void analyzer and several non-destructive testing
devices. Five states— Nebraska, New Hampshire, Ohio, Texas and Virginia— are designing or
constructing bridges that contain high-performance concrete (9).

As of August 1995 AASHTO had adopted 16 SHRP concrete and structures products as
provisional standards. The adoption of these test methods and techniques will increase their rate
of implementation. Evaluation of the Portland cement and concrete products were performed
(20).

93



EVALUATION OF THE PRODUCTS OF THE CONCRETE RESEARCH OF SHRP

The concrete research of the Strategic Highway Research Program (SHRP) consisted of
six projects. C-201, Concrete Microstructure; C-202, Eliminating or Minimizing Alkali-Slica
Reactivity; C-203, Resistance of Concrete to Freezing and Thawing; C-204, Non-Destructive
Testing for Quality Control/Condition Analysis of Concrete; C-205, Mechanical Behavior of
High Performance Concrete; and C-206, Optimization of Highway Concrete Technology. Every
project produces several products. Some of them are newly proposed or modified test
procedures, while others are specifications or guidelines. This report groups these products in six
categories.

1) Concrete Performance, including products of C-201,

2) Alkali-Slica Reactivity, including products of C-202;

3) Freezing and Thawing Resistance, including products of C-203;

4) Non-Destructive Testing, including products of C-204;

5) High Performance Concrete, including a product of C-205;

6) Concrete Srength Tests, including three products of C-205; and

7) Optimum Highway Concrete Technology, including products of C-206.

The products of C-205 are grouped in two categories, because the concrete strength tests
proposed by C-205 were not proposed specially for high performance concrete, and can also be
applied to conventional concrete. SHRP Product 4001 is not a product of any of the six concrete
research projects. However, it isincluded in Category 4 and evaluated, because it is listed with
the products of C-204 in the same group in the SHRP Product Catalog.

Many of these SHRP products are not individually documented. Contrarily, they are
explicitly or implicitly involved in related SHRP reports. On the back of the cover page of many
reports numbers of some products are listed, but it does not mean that the report with a product
number on the back of its cover page must include the content of the product. The reader islikely
misled by these report numbers. When areport involves a product, the reader may have to
manage to pick up and put together the contents diversely distributed in the report to “form” a
product. Some products whose titles are announced in the catalog are even not described in any
SHRP report. A better organization of the products is suggested to stimulate application of these
costly research results.
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1) Concrete Perfor mance
Product 2005

Product 2005 is given in SHRP Report C-334 A Guide to Determining the Optimal
Gradation of Concrete Aggregates. Although the product is named “Improving Concrete Mix
Design,” it should be understood as improving concrete mix design by optimal gradation of
concrete aggregates, because only the factor of aggregate gradation is addressed in the report.
This guideline supplies numerous packing tables for three different cases: two types of coarse
aggregate, three types of coarse aggregate and sand and coarse aggregate, which provide
convenience for users to determine the optimum amount of each mix element for a combination of
up to four types of aggregate, where “optimum” means high density packing.

The objective of this product is just to seek geometrical high packing density for the
concrete mix based on a mathematical model. The report does not relate the packing density to
the concrete properties. A question arises naturally. Does the high packing density provide high
quality of the concrete in all the aspects? The report does not discuss the effects of high density
packing on concrete performance, either quantitatively or qualitatively. This product can be used
as areference in concrete mix design for high density packing, but the relationship between the
packing density and other factors for the concrete mix design should be investigated in future
research projects.

Product 2006

Product 2006 “ Ensuring Crack-Free Curing of Concrete” is given in SHRP Report C-321
A Guide to Evaluating Thermal Effectsin Concrete Pavements. The product takes the following
parameters as input data: type of cementitious material, content of cementitious material, concrete
temperature, air temperature, thickness of the pavement, etc. The user enters these parameters
into the tables that the report provides, and then one of the following four symbols will be read as
output:
o *, representing satisfactory thermal condition;
° TD, representing risk of differentials of temperature within the concrete slab that are too
large;
° EF, representing risk of early freezing; and
° HT, representing risk of temperatures within the concrete slab that are too high.

It seems that some important parameters for thermal effects are neglected. For example,
the product considers the radiation from the pavement to the sky, but ignores the solar radiation
absorbed by the pavement. It considers the temperature differentials within the pavement dab,
but ignores the absolute change in temperature of concrete with time. It is not clear how the
product calculates thermal stresses in the pavement, including estimation of the coefficient of
thermal expansion and constraints on pavement movement. No reliability analysis of output of
the product is given.
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Product 2007

Product 2007 provides a new laboratory test to measure concrete permeability. SHRP
Report C-627 Development of Transient Permeability Theory and Apparatus for Measurements
of Cementitious Materials gives a complete description about the mathematical model, equipment
design, sampling handling and limitation of the equipment. The report should be considered an
official document of SHRP Product 2007, but the term “Product 2007" does not appear through
all the report. Many other SHRP reports print out numbers of the related SHRP products on the
back cover pages. However, even on the back of the cover page of Report C-627, the term
“Product 2007" does not show up. It isan example of disorganization of SHRP reports.

Permeability is a very important property parameter of concrete. It isrecognized that
transport of water and dissolved species occurs through a continuous network of pores, which
exist in the cementitious matrix of concrete, as well as through the porosity which exist in the
interfacial regions of aggregate. The mass transport severely affects initiation and development of
many types of distresses including freezing and thawing attack and alkali-silicareactivity. The
designed equipment measures the initial and boundary liquid pressure conditions, and permeability
can be accurately calculated from pressure measurement.

To acknowledge this product, more tests should be run by different agencies. Since the
cost of the prototype equipment was estimated as $15,000, it is suggested that several sets of the
equipment should be made and distributed to different research centers for verification of this
product.

Product 2008

Product 2008 was developed as a supplement to ASTM C-856 “ Standard Practice for
Petrographic Examination of Hardened Concrete.” The ASTM standard gives details of how to
use optical techniques for petrographic examination of hardened concrete. Product 2008
introduces fluorescent microscopy to the test standard. The use of an epoxy resin containing a
fluorescent dye tends to enhance the ability to view porosity and mechanical features such as
interface porosity and cracking. It requires a petrographic examination operator and is useful to
highway engineers. The SHRP Product Category lists Product 2007 with the title “ Diagnosing
Performance Problems with Concrete,” but does not reflect the nature of this product. Again, the
term “Product 2008" never appears through SHRP Report C-662, which documents this product.

2) Alkali-Silica Reactivity

There are four SHRP products about Alkali-Silica Reactivity. Among them, Products
2010 and 2013 are for identifying alkali-silica reactivity (ASR), while Products 2009 and 2011
provide techniquesto prevent from and mitigate ASR. Another SHRP product, Product 2017
“Designing ASR-Safe Concrete Mix,” isincluded in the SHRP Product Catalog, but it is not
available. This product was discontinued by the FHWA.
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Products 2010 and 2013

Product 2010 is well organized as an illustrated handbook, “Handbook for the
Identification of Alkali-Silica Reactivity in Highway Structures.” (However, the handbook does
not tell that it isa SHRP product and numbered 2010.) This handbook can be used to visually
identify ASR-related damage. Since there are many causes to induce cracking in concrete, it is
very important to distinguish ASR-induced cracking from damage by other factors, such as
thermal effect, dry shrinkage effect, freezing and thawing and corrosion of reinforcing steel. The
handbook presents colored photographs to show various appearances of ASR-induced cracking in
pavement and bridge structures, which are very helpful to highway engineers and bridge
inspectors in detecting ASR in concrete. Of course, ajudgement that relies on visual perception
cannot be sufficiently reliable for decision making in choosing proper rehabilitation strategy.

Product 2013, “Chemical Test for ASR Detection,” can be used to confirm the presence
of ASR once it has been visualy detected by using Product 2010. The chemical test is smple.
The concrete surface is treated with a uranyl acetate solution and viewed under ultraviolet light.
The uranyl causes the ASR gel to fluoresce, imparting a greenish-yellow glow that can be clearly
seen under the ultraviolet light. AASHTO T-299 specifies the test procedure.

Product 2011

In order to mitigate ASR in pavements and structures, Product 2011, “Mitigating ASR in
Existing Concrete,” provides several optionsto treat existing ASR, including drying the concrete
and keeping it below 80 percent relative humidity, to stop further ASR expansion; applying
restraint to counteract expansive ASR forces, which prevents further ASR expansion; bonding
crack faces together with high density methacrylates and applying lithium compounds to the
concrete. These methods were experimentally studied in the SHRP project in the laboratory.
Some experimental pavements were installed and these installations are worth maintaining and
monitoring for long-term effects of the mitigative measures.

Product 2009

To refrain from using potentially reactive aggregates, Product 2009, “Tools for Screening
Reactive Aggregates,” proposes to use a new standard test: the rapid immersion test method,
ASTM C 1260-94 and AASHTO TP 14. Thisisthe best test method available to screen
potentially reactive aggregates. The Kansas State University recently completed a research
project sponsored by the Kansas Department of Transportation to evaluate this test method,
indicating: “the AASHTO TP 14 procedure has the potential to detect deleterious behavior of
aggregates due to akali-silicareactivity.”

All these available SHRP products in Category 2 are described clearly and well
documented. They are easily accessible and convenient for application.
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3) Freezing and Thawing Resistance

Concrete is aporous material. With pores containing moisture, concrete is susceptible to
damage under repeated cycles of freezing and thawing (or frost attack). SHRP Project C203
made efforts to improve existing AASHTO and ASTM standards for evaluating the resistance of
concrete to frost attack and propose a test procedure for evaluating the resistance of aggregate to
frost attack.

The current popular practice for evaluating the resistance of concrete to freezing and
thawing is to use the standard AASHTO T-161 (ASTM C 666) test, which allows two test
procedures. SHRP Product 2018 modifies AASHTO T-161 by suggesting a third test procedure
to better smulate the natural freeze-thaw environment of concrete. By following ASTM C 215,
AASHTO T-161 examines damage in concrete specimens by measuring the change in natural
vibration (resonance) frequency. The 1985 version of the ASTM standard (ASTM C 215-85)
uses sinusoidal excitation, but the 1991 version of the standard (ASTM C 215-91) also
recommends impulse excitation as an alternate. SHRP Product 2019 recommends the impulse
excitation as an AASHTO standard for high-accuracy measurement of the resonance frequency.
The new test for identifying the durability of aggregate to freezing and thawing, called the
Washington Hydraulic Fracture Test, is proposed as SHRP Product 2002.

Product 2002

The Washington Hydraulic Fracture Test provides arapid and reliable test method for
identifying D-cracking susceptible coarse aggregates. D-cracking is the term used to describe the
distress in concrete that results from the disintegration of coarse aggregates after they have
become saturated and have been subjected to repeated cycles of freezing and thawing. One of the
notable causes to lead D-cracking is that the concrete contains coarse aggregates susceptible to
D-cracking. Therefore, atest to screen aggregates for D-cracking potential isimportant. The
test currently used for this purpose is AASHTO T-161, which requires avery long period of time
(8-10 weeks). This new test takes only 8-10 days.

In the test, aggregates are submerged in water in a pressure chamber and subjected to a
pressure of about 8 MPa (1150 psi). Under pressure, water enters the aggregate pores and
compresses the air within the pores. When the pressure is rapidly released, the air compressed in
the aggregate pores forces the water out; if the aggregate fractures or fragments, it indicates a
susceptibility. A primary value determined from testing is the percentage of fractures, which is
then used to calculate a value called the hydraulic fracture index (HFI). Aggregates with high (80
to 100 or higher) HFI values tended to be non-D-cracking susceptible, while aggregates with low
(less than about 60) HFI values tended to be D-cracking susceptible.

As SHRP Report C391 states, “theoretically, the test should be able to simulate the

hydraulic pressures that many believe cause D-cracking in nondurable aggregates.” The report
does not address this assumed theoretical background to support this understanding. However,
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reliability and repeatability were verified by tests. The SHRP project conducted the proposed
tests on aggregates from many different sources. These aggregates were aso identified by the
existing AASHTO standard tests. Test results showed that, with the exception of one limestone,
all the D-cracking susceptible aggregates had HFI values below 60; while al the non D-cracking
susceptible aggregates had high HFI values.

Asindicated in SHRP Report C391, for aggregates that absorb water extremely quickly,
the high absorption rate could prevent the above fracture mechanism from working. The
procedure suggest that the aggregates be treated with a silane-based sealer to make the pores
hydropholic rather than hydrophilic to reduce the absorption rate. It is uncertain how this
treatment can make this test successful.

The main part of the testing apparatus is the pressure chamber. Cost of it is high.
Product 2018

AASHTO T-161, “Resistance of Concrete to Rapid Freezing and Thawing,” (or ASTM C
666) allows two procedures to simulate freezing and thawing cycles: Procedure A, Rapid
Freezing and Thawing in Water and Procedure B, Rapid Freezing in Air and Thawing in Water.
As SHRP Product 2018, the modification of AASHTO T-161 allows a third procedure.
Procedure C consists of wrapping specimens with absorbent cloth to keep the specimens wet
during freezing. The modification isin response to criticisms of Procedures A and B.

Procedure A uses a container that allows the specimen to be surrounded by “not less than
1/32 in. (1 mm) nor more than 1/8 in. (3 mm) of water at all times.” Accordingly, ice pressure
builts up between the container wall and the specimen. Thisice pressure may damage the
specimen. Generally, the use of a container results is non-uniform pressures on the specimen.
The primary objection to Procedure B is that the specimen is allowed to dry during freezing,
which slows the accumulation of damage.

Tests showed that Procedure C provided the most rapid damage due to freezing and
thawing. In other words, it provided the most severe conditions. However, a question arises very
naturally: does the wet cloth wrapping give the specimen a certain condition? Moisture and heat
transfer through the wet cloth must vary with many factors such as type and properties of the
cloth, contact between the cloth and specimen, etc. It seems that the boundary condition of the
specimen provided by the cloth is hardly quantitatively described. Therefore, test results may vary
from laboratory to laboratory. Until now, sufficient data have not been obtained to conclude that
this test procedure is more realistic than Procedures A and B. Equipment for this test procedure
is easy to acquire but requires considerable maintenance.
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Product 2019

A test method “Fundamental Transverse Frequency and Quality Factor of Concrete Prism
Specimens’ is proposed as SHRP Product 2019. As stated above, AASHTO T-161 originaly
uses sinusoidal excitation method (ASTM C 215-85) to examine damage in concrete prisms, but
ASTM C 215 has been revised in 1991 to include impulse excitation as an aternate method
(ASTM C 215-91). The proposed test method is a method using impulse to induce transverse
vibration of the concrete prism specimen. However, in ASTM C 215-91, al transverse,
longitudinal and torsiona modes of vibration in the cylindrical or prismatic specimen are included,
whereas the proposed test procedure suggests transverse vibration in the prismatic specimen only.
Comparatively, the proposed test procedure regulates the apparatus in more detail, including
Fourier analyzer, impact hammer, accelerometer and power supply, specimen support and data
analysis and control equipment.

The proposed test procedure requires the Fourier analyzer of a maximum frequency
capability greater or equal to 8 kHz, whereas ASTM C 215 requires 20 kHz. A lower frequency
band is allowed for only transverse vibration of the prismatic specimen because the natural (or
resonance) frequency of the same concrete specimen (either prismatic or cylindrical) in transverse
vibration is lower than in longitudina vibration, and the natural frequency of a 152 x 152 x 710 or
102 x 102 x 510-mm prism in transverse vibration is lower than that of a 152 x 305-mm concrete
cylinder. For the comparisons, see Chapter 6, “Resonant Frequency Methods,” by V. M.
Mahotraand V. Sivasundaram of the book CRC Handbook on Nondestructive Testing of
Concrete, edited by V. M. Mahotraand N. J. Carino.

When sinusoidal excitation is used, the specimen should be forced to vibrate at varying
frequencies. At every frequency, the amplitude of the specimen vibration should be recorded.
After a series of tests, the natural frequency can be determined at the maximum reading of the
amplitude. When the impulse excitation method is used, only onetest is needed. After the
specimen is struck by an impact hammer, the time response of the specimen should be recorded.
This time response (asignal in time domain) is converted into a frequency response (asignal in
frequency domain) by the Fast Fourier Transform (FFT) technique. The resonance frequency is
the frequency with the highest peak in the frequency response (or amplitude spectrum). With the
impulse excitation method, the test procedure is very ssimple and precise results are obtained.

The FFT technique and the Fourier analyzer have been available for along time. Itis
proper to introduce them to the test standard.

Product 2004
Three SHRP products, listed in the SHRP Product Catalog and other documents, outline
specifications or methods for improving freezing and thawing conditions. They are Product 2004,

“Mitigating D-Cracking in Existing Concrete,” Product 2021, “ Aggregates Durability
Specifications,” and Product 2020, “Air Entrainment Specifications.” The first product avoids or
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minimizes further damage of in-service concrete evidencing D-cracking problems, whereas the
latter two describe mix design of new concrete with higher resistance to frost attack. However,
Products 2020 and 2021 are not available. Asclaimed in SHRP Report C391, “no frost-
resistance modeling has been attempted at this time, although Report C391 is the only report
under Contract C203".

For mitigating D-cracking in existing concrete, SHRP Report C391 summarizes causes of
D-cracking. Although the mechanisms of D-cracking have not yet been completely clarified, it
has been observed that D-cracking occurs under the following conditions: (1) the concrete
contains aggregates susceptible to D-cracking, (2) the concrete is exposed to sufficient moisture
and (3) the concrete is exposed to repeated cycles of freezing and thawing. However, for existing
concrete, change in the intrinsic properties of the aggregates used in the concrete has been found
unlikely.” Therefore, the remaining methods of mitigating D-cracking in existing concrete can
only be: (1) to eliminate or reduce the moisture condition and (2) to eliminate or reduce the
freezing condition. Various protective options were reviewed, but only the method that uses
penetrating sealers to reduce the moisture in concrete was promising. Four concrete sealers were
identified as having good potential for use in delaying the onset of aggregate-related D-cracking.

This study conducted the first field study to observe the effectiveness of concrete sealers
for mitigating D-cracking in existing concrete pavement constructed using nondurable aggregates.
As summarized in Report C391, “the field tests and laboratory tests of field test materials will
provide a great deal of information that will be useful to validate the models and concepts
presented in parts | and 11 of thisreport.” It seems that more research is required to reach solid
conclusions.

4) Non-Destructive Testing

Three products deal with nondestructive tests for quality control of concrete. They are
Product 2010, “Detecting Concrete Flaws and Delimitation,” Product 2022, “Measuring Concrete
Strength and Maturity in the Field,”and Product 4001, “Measuring Air Entrainment with the Fiber
Optic Air Meter.” Although Products 2010 and 4001 are not reported in any SHRP reports,
information about Product 4001 is available in “ Strategic Highway Research Program Products,”
Proceedings of a Speciaty Conference, sponsored by the Highway Division of the American
Society of Civil Engineers and the Federal Highway Administration, Denver, Colorado, April 8-
10, 1991. Product 2022 is reported in SHRP Report C376, “Filed Manual for Maturity and
Pullout Testing on Highway Structures.”

Product 2022
In SHRP Report C376, the project researchers provided guidance on the use of maturity

testing and pullout testing for measuring in-situ strength of concrete pavement and structures at
early ages. The maturity method accounts for the combined effects of time and temperature on
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the strength development of concrete. By measuring the temperature of the concrete during the
curing period, personnel estimate the strength at any particular age. Pullout testing is performed
by using metal disks (or inserts) installed within the formwork prior to concrete placement. To
measure the in-situ strength, aloading apparatus is used to measure the force required to extract
the insert from the concrete mass. The measured force is used to estimate the in-situ strength by
correlation relationship established in the previous research. Either the maturity or the force for
pullout is measured in field. The strength estimated by either test method is expected more
accurate than the strength measured from the specimens prepared beside the concrete pavement
or structure. The in-situ test procedure for either method was previously proposed in ASTM
standards and/or the ACI committee report.

The contribution of the SHRP product to the techniques was to suggest combination of
these two test methods for field use. It was recommended that the strength-maturity relationship
be obtained by laboratory tests of the cylindrical compressive-strength specimens prepared with
the same mix design which was planned for the concrete pavement of structure. For non-
structural members, it was suggested that the in-situ strength be estimated by the measured
maturity and the strength-maturity relationship. For structural members, it was suggested that
cylindrical specimens of the same mix design were prepared besides the members. These
specimens should be tested for compressive strength to adjust the strength estimated by the
maturity method. Combination of the maturity method and pullout test was also suggested for
structural members. In the combined method, the relationship between the pullout strength and
compressive strength should be obtained in advance. The pullout strength would be predicted for
a specific time from the compressive strength-maturity and pullout strength-compressive strength
relationships. Then an in-situ pullout test should be conducted to verify the predicted pullout
strength for the purpose of quality control.

The maturity test method has been continuously developed since Product 2022 appeared.
Many progresses have been made in measuring of maturity and techniques for correlating maturity
and strength. A ssimple method has been developed by TTI researchers, referred to as “ one-
graph” method. This method combines data from lab tests and field testsin a single graph to
predict the strength of concrete pavement or structure in field. The maturity method is a very
promising nondestructive test method for concrete quality control/assurance. Use of pullout test
enhances the reliability of the strength prediction by the maturity method. However, it iswell
known that data from pullout tests are often largely scattered. The report does not provide error
analysis of the pullout method. Further research is necessary to provide a step by step test
procedure and a test data variability process.

Product 4001
A fiber optic apparatus was developed to determine the air content of freshly mixed
concrete in Situ so asto facilitate acceptance or rejection in the field. Content of air in concrete is

avery important factor for freeze-thaw durability control. Although standardized test methods
for measuring air content in concrete have existed for along time, the air content measured by
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these methods sometimes cannot present the air content in the pavement or structure because the
test sample is prepared and the pavement or structure are placed with different mixing processes.
The newly developed test method measures the air content in the pavement or structure of interest
directly.

This apparatus detects the air content by changes in the intensity of reflected light
transmission through a thin optical fiber. Intensity changes occur due to differences in the index
of refraction between an air bubble and concrete. A diode laser provides the optical signal.
Reflected light intensity signal is converted to an electrical current by a photo detector. Reliability
of the apparatus was examined, but, no report about it is available.

5) High Performance Concrete
Product 2014

A series of laboratory investigations of the mechanical behavior and field installations of
high performance concrete were performed under SHRP Contract C-205. The main product of
the research project was Product 2014, “ Specifications for High-Performance Concrete.” Other
products from this projects include three test procedures for determining modulus of rupture,
compressive strength and interfacial bond shear strength, respectively. Since these test
procedures can also be used for “conventiona” concrete, they are evaluated under Category 6)

Concrete Srengths Tests.

The six-volume research report “Mechanical Behavior of High Performance Concretes’
supplies abundant laboratory test results for high performance concrete, which is defined as
concrete with much higher early strength and greatly enhanced durability against freezing and
thawing in comparison with conventional concrete. These test results can be used as guidelines
for mix design, mixing and curing procedures. However, the report does not claim that the
research has provided specifications for the high performance concrete, although the term
“gpecifications’ is used in the SHRP Product Catalog. The report categories high performance
concrete (HPC) into four types: very early strength concrete (VES), high early strength concrete
(HES), very high strength concrete (VHS), and high early strength fiber reinforced concrete
(HESFRC). Detailed information for each type of HPC related to mix designs, methods of
proportion and strength and durability is summarized in different volumes of the report. Potential
applications of these types of HPC are proposed, but, no field tests were conducted in this
project.

Economic benefits from using HPC in building and repairing pavement, bridges and other
structures should be great, but no quantitative estimation of the benefitsis possible at this moment
before field investigations. Research for application of HPC and observation of its long-term
performance in service is necessary.
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6) Concrete Strength Tests

Three concrete strength test procedures were proposed under Contract C-205. They are
Product 2023, “Flexura Strength Test,” Product 2024, “ Compressive Strength Test,” and
Product 2025, “Interfacial Bond Test.”

Product 2023

ASTM C-78 has been extensively used for determining flexural strength (or modulus of
rupture). SHRP Product 2023 suggests using a fixture (or mounting frame) to measure tensile
strain and midspan deflection in the flexural test. The test procedure specified by ASTM C-78 is
intact. The loading rate used in the SHRP project was 800 Ib/min. It can be calculated that this
loading rate supplies an increasing rate of the maximum tensile stress in the specimen as 150
psi/min, which is the middle value of the range of the stress rate specified in the ASTM standard:
125-175 psi/min. It isworth clearly pointing out that, when no strain or deflection measurement
is required, the expensive fixture is not needed and the flexura strength should be determined
smply following ASTM C-78.

Many different instrumentations have been proposed in research for measuring the strain
and deflection. If atest standard is needed for determining the strain and deflection, all these
existing instrumentation methods should be evaluated and compared for selection. When a
displacement is recorded, the displacement signal can be fed back to the testing machine in order
to control the test. Then the catastrophic failure of the specimen can be avoided, when the peak
load is reached, and, therefore, the softening part of the stress-strain curve can be acquired. In
such away, more information of the mechanical behavior of the specimen can be obtained in a
single test with no additional hardware required.

Product 2024

Asfor compressive strength, ASTM C-39 iswidely used. Product 2024 proposes use of
steel caps with neoprene pads instead of sulfur caps. This aternative of specimen capping
technique has actually been proposed by AASHTO T-22. Product 2024 suggests use of the linear
voltage differential transducers (LVDTS) to measure the length change of the specimen. Since
measurement of the compressive strength does not need the displacement, it is not a modification
of ASTM C-39, as claimed in SHRP Product Catalog and related SHRP Reports. [t can,
however, be considered an advance from ASTM C-469. ASTM C-469 uses a compressometer
and an extensometer to measure the dimensional change of the specimen during the compression
test for determining the modulus of elasticity and the Poisson ratio. The ASTM standard does not
require automatic recording of data from the compressometer and extensometer. Instead, data
can be read manually through the dial gage. As the electronic technology develops, automatic
recording of datais more likely. Product 2024 does not measure the lateral expansion of the
specimen so it does not measure the Poisson ratio.
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Product 2025

Product 2025 proposes a test procedure for determining the shear strength of the
interfacial bond between bonded faces. The specimen is designed to have a direct shear condition.
This can be considered a supplement to ASTM C-1042, which provides the bond interface with a
shear plus compression stress state. However, the cost of an ASTM C-1042 test is very little
compared with that of the shear test specified by Product 2025. Data scatter of the shear test may
be severe. Researchers should be cautious in applying this test before the precision of thetest is
anayzed. Report SHPR C-361 states no precision criterion for the shear test.

The direct shear test was designed to estimate the bond strength of concrete overlay to the
existing concrete pavement. However, the pure shear stress state hardly exists in the bond
interface. Since failure occurs in complex stress states indeed, with only the shear strength
determined by a direct shear test, afailure criterion cannot be established. A Mohr-Coulomb type
(or Drucker-Prager) criterion isrequired. Further efforts are necessary to design tests for
sufficient data with low cost.

7) Optimum Highway Concr ete Technology

Two new test methods were developed for monitoring properties of concrete freshly
mixed in field. Those are Products 2027 and 2028, where two AASHTO test standards were
proposed as AASHTO TP 23, “Water Content of Freshly Mixed Concrete Using Microwave
Oven Drying,” and AASHTO TP 24, “Density of Freshly Mixed Concrete in Place By a Twin-
Probe Nuclear Method.” Product 2039, “HWY CON-An Expert System for Concrete Durability,”
isacomputer program to assist state highway department staff in obtaining available knowledge
of highway concrete.

Products 2027 and 2028

These two newly proposed tests are very useful for quality control and quality assurance
of concretein field. The amount of water in the concrete mix affects the quality of concrete
during placement and the durability of the hardened concrete. Field conditions cannot assure the
concrete mix containing the amount of water as specified by the mix design without monitoring of
water content. Product 2027 improves microwave oven drying technique and raises the efficiency
of the water content test. Testing can be completed in 14 to 16 minutes. The information
obtained from the fast testing can be fed to the concrete plant to control the concrete quality.
Although atest standard has been proposed, SHRP Report C-373 “recommends that the method
be adopted by agencies on atrial basis so that it may be further evaluated with awider variety of
materials and conditions than could have been included in the limited test program described in
this report.”
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The mixing process (or mechanical internal vibration of the mix) in field is different from
that in the laboratory. The measurement of in-place density of freshly mixed concrete helps
achieve proper consolidation. The nuclear radiation technology used in the product is based on
decreasing in radiation intensity with the thickness and density of the material. However, SHRP
Report C-414 points out: “ The equipment, electronics, and testing procedures in the gauges may
be modified in the future by the manufacturer for more convenient use during construction.”

Product 2039

Product 2039 (HWY CON) contains knowledge in three areas: 1) diagnostic-distress
identification and causes of distresses, 2) material selection for construction and reconstruction
and 3) repair and rehabilitation recommendations on materials and procedures for concrete
pavement repair and rehabilitation. With advancing of highway concrete research, this expert
system needs to keep current to include al the newly developed knowledge.

CALCULATION OF AGENCY SAVINGSFROM IMPROVED CONCRETE
PRODUCTSDEVELOPED WITH SHRP

While several SHRP products came out to improve the construction, performance and life
of concrete pavements and structures, very little has been implemented at thistime. This createsa
significant problem in making estimates of potential cost savings that may be generated in the
future as improvements are made to existing techniques and tests. A rough estimate of the
potential savings of several SHRP products are given in Table 45. These estimates are based
upon the best engineering judgement and information available at the current time. The numbers
represent savings solely in reconstruction of concrete pavements and structures and do not take
into account any improvement in pavement life or structure life.

The annual potential net savings, given in Table 45, is estimated to be $46.61 million.
These savings can be captured only by implementation by the state DOTs throughout the United
States. This implementation process is anticipated to be a slow, gradua process asfield tests are
conducted in limited areas, procedures modified as needed and adoption increased by other
agencies based upon those successes. Conservative implementation scenarios are used similar to
those that are used for preventative maintenance and pothole repair. Three implementation
scenarios are estimated; a slow implementation scenario with implementation reaching 25 percent
after 20 years, a moderate implementation scenario with 50 percent implementation after 20 years,
and a fast implementation scenario with 100 percent implementation after 20 years. The results of
these three scenarios are given in Tables 46, 47 and 48. These tables show that substantial
savings can be generated from even these modest implementation scenarios, ranging from a total
of $51 million to $192 million over 20 years.
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Table 45. Estimated Agency Cost Savings of SHRP Concrete Products

Product Total Savings Implem. Cost Net Savings
(Million $) (Million $) (Million $)
Maturity Meter' 20.00 1.00 19.00
Wash Fracture Test! 20.00 1.50 18.50
F/T Test - Proced. C* 200.00 0.01 199.99
D-Crack Guidelines' 50.00 0.10 49.90
Permeameter’ 200.00 5.00 195.00
ASR Treatment! 100.00 1.50 98.50
20 Year Total* 590.00 9.11 580.89
Annual Total? 47.34 0.73 46.61

! Numbers represent the 20 year present worth of the savings and costs assuming full
implementation over that period.

2 Annual totals are calculated using a present worth factor of 12.4622, to convert the 20 year
totals into equivalent annual values.
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Table 46. Total Concrete Cost Savings with a Slow Implementation Scenario.

Y ear Implementation Rate Discounted Agency
(Percent) Savings (Million $)

1 1.0 0.47

2 1.3 0.58
3 1.8 0.76
4 24 0.97
5 3.1 1.19
6 4.0 1.46
7 4.9 1.70
8 5.9 1.95
9 7.1 2.24
10 8.3 2.49
11 9.6 2.75
12 11.0 3.00
13 12.5 3.24
14 14.0 3.46
15 15.7 3.70
16 174 3.90
17 19.2 4.10
18 21.0 4.27
19 23.0 4.45
20 25.0 4.61
20-Y ear Total 51.29
Equiv. Annua Total 412

Source: Calculated from Table 44, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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Table 47. Total Concrete Cost Savings with a Moderate Implementation Scenario.

Y ear Implementation Rate Discounted Agency

(Percent) Savings (Million $)
1 1.0 0.47
2 1.7 0.75
3 2.7 114
4 3.9 1.57
5 5.4 2.07
6 7.1 2.59
7 9.0 3.13
8 11.1 3.68
9 134 4.23
10 15.9 4.78
11 18.5 5.29
12 21.4 5.83
13 24.4 6.33
14 27.6 6.82
15 30.9 7.27
16 34.4 71.71
17 38.1 8.14
18 41.9 8.52
19 45.9 8.89
20 50.0 9.22
20-Year Total 98.44
Equiv. Annua Total 7.90

Source: Calculated from Table 44, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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Table 48. Total Concrete Cost Savings with a Fast Implementation Scenario.

Y ear Implementation Rate Discounted Agency

(Percent) Savings (Million $)
1 1.0 0.47
2 24 1.07
3 4.3 1.82
4 6.8 2.74
S 9.8 3.76
6 13.3 4.86
7 17.1 5.95
8 21.4 7.09
9 26.0 8.20
10 31.0 9.31
11 36.4 10.42
12 42.2 11.50
13 48.3 12.54
14 54.7 13.52
15 61.5 14.48
16 68.6 15.38
17 76.0 16.23
18 83.7 17.02
19 91.7 17.76
20 100.0 18.45
20-Year Total 192.54
Equiv. Annua Total 15.45

Source: Calculated from Table 44, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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Agency and Motorist Cost Savings of Improved Concr ete Pavements

Several factors can contribute to concrete pavements requiring rehabilitation prematurely.
The most significant factors are D-cracking and ASR problems. The SHRP research has
developed products to combat these problems, and this analysis is an attempt to quantify the cost
savings of extending pavement life for those concrete pavements experiencing premature failure.
For purposes of this analysis, concrete pavements that experience these problems require
rehabilitation after 10 years. Using the SHRP products, that life before rehabilitation is extended
to 17 years. It is estimated that about 20 percent of concrete pavements are affected by
premature failure. Thereforein thisanalysis, 20 percent of therigid pavementsin the U.S,,
excluding the local functional class, are used to estimate the potential benefits. These mileage
totals are shown in Table 49. It should be pointed out that there has been very little
implementation thus far of SHRP products in the concrete pavement area. Therefore the assumed
increased pavement life of 7 years aswell asit affecting 20 percent of the concrete pavementsis
purely speculative. However, those assumptions are the best guess of the research team experts,
based upon available information. Further research should be directed to determine the
anticipated impacts of SHRP productsin this area, and more specifically to determine the
appropriate assumptions to use in this type of anaysis.

Table 50 gives the calculated PSI values for each highway type over a40 year analysis
period. A 40 year analysis period was chosen because it is consistent with the other computer
calculations of SHRP products and allows enough time to pass that each scenario goes through at
least two life cycles.

The highway type categories from Table 49 and the MicroBENCOST PC computer
program were used to make cost savings estimates of the concrete pavement scenarios. In
addition an annual traffic growth rate of 2.1 percent was assumed, consistent with the other
SHRP product computer runs.

The results of the analysis for each highway type are given in Table 51. Detailed
MicroBENCOST output are given in Appendix D. The agency cost savings consist of fewer
required rehabilitations for over the 40 life cycle in the analysis. The motorist cost savings are
broken down into two categories, delay savings and reduction in vehicle operating costs (VOC).
As expected, the greatest savings are for the higher volume facilities and much lower savings for
the low-volume highways. The urban freeway, for example, would generate more than $1.64
million dollars per mile in motorist savings and $390 thousand per mile in agency savings. In
contrast the rural 2-lane undivided highway would be about $79 thousand in motorist savings and
$66 thousand in agency savings.

In order to compare the cost savings, it is necessary to convert the total savings per milein
Table 51 to an annual cost savings. This can be done using equivaent uniform annual cost
factors. The factor for a uniform series over 40 years using a 5 percent discount rateis 17.16. By
dividing each number in Table 51 by 17.16, they can be converted into annual savings. These
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annual numbers are given in Table 52. The numbers range from $118,797 for an urban freeway to
$8,457 for arura 2-lane highway.

These annual cost savings per mile can then be aggregated using the total asphalt mileage
that could potentially benefit from the improved design equations. As mentioned above 20
percent of the total rigid pavement highways in the U.S. is used to calculate the total savings. The
total annual cost savings are given in Table 53. This table shows that a total of about $578
million could be saved annually in the U.S. using the SHRP products to increase the life of
concrete pavements. Of this total, about $145 million would represent annual agency savings, and
$432 million represents annual motorist savings.

The numbersin Table 53 represent the total potential annual savingsif all agencies
immediately implemented the improved maintenance strategies. These savings can only be
realized with full implementation through all state and local transportation agencies in the U.S.
That implementation process is expected to be a slow, gradual process as case studies are tried
and improvements made to the existing recommendations. Tables 54, 55, and 56 give estimates
of the total estimated benefits over 20 years assuming a slow implementation scenario, a moderate
implementation scenario and a fast implementation scenario. The slow implementation scenario
assumes a 25 percent implementation after 20 years, the moderate implementation scenario
assumes a 50 percent implementation after 20 years, and the fast implementation scenario assumes
a 100 percent implementation occurring after 20 years. These scenarios give a reasonable range
for the expected benefits to the improved maintenance strategies as developed in SHRP. The
potential cost savings are substantial, even with these very modest implementation scenarios,
ranging from $636 million to $2.38 billion over the next twenty years. The savings to agencies
alone would range from $160 to $601 million in present value dollars.
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Table 49. U.S. Rigid Pavement Mileage

Total Mileage 20% Affected Mileage

Urban

Freeways 12,952 2,590

4-Lane Divided 6,152 1,230

2-Lane Undivided 10,990 2,198

Total 30,095 6,019
Rural

Freeways 11,551 2,310

4-Lane Divided 1,859 372

2-Lane Undivided 21,108 4,222

Total 34,519 6,904
Overdl Total 64,614 12,923

Source: Highway Satistics, 1994 (1), Table HM-57, pp. V46-V47, and Table HM-50, pp. V36-
V37.
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Table 50. Yearly PSI Vaues Used for Improved Concrete Pavements.

Freeway 4-Lane Divided 2-Lane Undivided
Year Current Improved Current Improved Current Improved
Condition Condition Condition Condition Condition Condition

1 4.30 4.30 4.20 4.20 4.00 4.00
2 4.29 4.30 4.19 4.20 3.99 4.00
3 4.27 4.30 4.16 4.20 3.96 4.00
4 4.21 4.29 4.10 4.19 3.89 3.99
5 4.12 4.28 4.00 4.18 3.77 3.98
6 3.98 4.26 3.86 4.16 3.61 3.96
7 3.81 4.24 3.67 4.13 3.40 3.92
8 3.59 4.20 3.44 4.09 3.13 3.88
9 3.32 4.15 3.15 4.04 2.80 3.81
10 3.00 4.08 2.80 3.97 2.40 3.73
11 4.30 4.00 4.20 3.87 4.00 3.63
12 4.29 3.89 4.19 3.76 3.99 3.50
13 4.27 3.77 4.16 3.63 3.96 3.35
14 4.21 3.62 4.10 3.47 3.89 3.16
15 4.12 3.44 4.00 3.28 3.77 2.94
16 3.98 3.24 3.86 3.05 3.61 2.69
17 3.81 3.00 3.67 2.80 3.40 2.40
18 3.59 4.30 3.44 4.20 3.13 4.00
19 3.32 4.30 3.15 4.20 2.80 4.00
20 3.00 4.30 2.80 4.20 2.40 4.00
21 4.30 4.29 4.20 4.19 4.00 3.99
22 4.29 4.28 4.19 4.18 3.99 3.98
23 4.27 4.26 4.16 4.16 3.96 3.96
24 4.21 4.24 4.10 4.13 3.89 3.92
25 4.12 4.20 4.00 4.09 3.77 3.88
26 3.98 4.15 3.86 4.04 3.61 3.81
27 3.81 4.08 3.67 3.97 3.40 3.73
28 3.59 4.00 3.44 3.87 3.13 3.63
29 3.32 3.89 3.15 3.76 2.80 3.50
30 3.00 3.77 2.80 3.63 2.40 3.35
31 4.30 3.62 4.20 3.47 4.00 3.16
32 4.29 3.44 4.19 3.28 3.99 2.94
33 4.27 3.24 4.16 3.05 3.96 2.69
34 4.21 3.00 4.10 2.80 3.89 2.40
35 4.12 4.30 4.00 4.20 3.77 4.00
36 3.98 4.30 3.86 4.20 3.61 4.00
37 3.81 4.30 3.67 4.20 3.40 4.00
38 3.59 4.29 3.44 4.19 3.13 3.99
39 3.32 4.28 3.15 4.18 2.80 3.98
40 3.00 4.26 2.80 4.16 2.40 3.96
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Table 51. Discounted Cost Savings per Mile over a40 Year Analysis Period (Thous. $)

Urban Rura
Freeway | 4-Lane 2-Lane Freeway 4-Lane 2-Lane
Divided Undiv Divided Undiv
Agency Cost
Savings
Total 390.00 267.00 152.00 209.00 168.00 66.00
Motorist Cost
Savings
Delay 375.43 110.73 197.70 93.79 36.33 24.71
vVOC 1,273.01 369.83 220.17 445.02 131.50 54.40
Total 1,648.44 480.56 417.87 538.81 167.83 79.11
Total Cost
Savings 2,038.44 747.56 569.87 747.81 335.83 145.11
Source: Output from MicroBENCOST program.
Table52. Equivalent Uniform Annua Cost Savings per Mile ($).
Urban Rurd
Freeway | 4-Lane 2-Lane Freeway 4-Lane 2-Lane
Divided Undiv Divided Undiv
Agency Cost
Savings
Total 22,728 15,560 8,858 12,180 9,791 3,846
Motorist Cost
Savings
Delay 21,879 6,453 11,522 5,466 2,117 1,440
vVOC 74,189 21,553 12,831 25,933 7,664 3,170
Total 96,068 28,006 24,353 31,401 9,781 4,610
Total Cost
Savings 118,797 43,566 33,211 43,581 19,572 8,457

Source: Calculated from Table 49.
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Table 53. Total Annual Cost Savings (Million $)

Urban Rurd
Fwy | 4Ln | 2Ln | Frwy | 4Ln 2-Ln Total
Div Undiv Div Undiv
Agency Cost
Savings
Totd 58.87 19.14 19.47 28.14 3.64 16.24 145.49
Motorist Cost
Savings
Delay 56.67 7.94 25.32 12.63 0.79 6.08 [ 109.42
VOC 192.15 26.51 28.20 59.91 2.85 13.39 | 323.01
Total 248.82 34.45 53.53 72.54 3.64 1947 | 43243
Total Cost
Savings 307.68 53.59 73.00 [ 100.67 7.28 35.70 | 577.92

Source: Calculated from Table 50, using the affected mileage in Table 49.

116




Table54. Tota Cost Savings with a Slow Implementation Scenario.

Year Implementation Discounted Agency Discounted Total Discounted
Rate Savings (Million $) Motorist Savings (Million $)
(Percent) Savings
(Million $)

1 1.0 1.45 4.32 5.78

2 13 1.80 5.35 7.16

3 1.8 2.38 7.06 9.44

4 2.4 3.02 8.97 11.98

5 3.1 3.71 11.03 14.74

6 4.0 4.56 13.55 18.11

7 4.9 5.32 15.81 21.13

8 5.9 6.10 18.13 24.23

9 7.1 6.99 20.78 27.77

10 8.3 7.78 23.14 30.92

11 9.6 8.57 25.49 34.06

12 11.0 9.36 27.81 37.17

13 125 10.13 30.10 40.23

14 14.0 10.80 32.11 42.91

15 15.7 11.54 34.29 45.83

16 17.4 12.18 36.19 48.37

17 19.2 12.80 38.04 50.83

18 21.0 13.33 39.62 52.95

19 23.0 13.90 41.33 55.23

20 25.0 14.39 42.78 57.18

20-Year 160.12 475.90 636.01
Total

Equiv. Ann. 12.85 38.19 51.04
Tot.

Source: Calculated from Table 53, using a5 percent discount rate. Equivalent annual totals are

calculated using a factor of 12.4622, to convert the 20 year totals into annual values.
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Table 55. Total Cost Savings with a Moderate |mplementation Scenario.

Year Implementation Rate | Discounted Agency Discounted Motorist Total Discounted
(Percent) Savings (Million $) Savings Savings (Million $)
(Million $)
1 1.0 1.45 4.32 5.78
2 17 2.36 7.00 9.36
3 2.7 3.56 10.59 14.15
4 3.9 4.90 14.57 19.47
5 54 6.46 19.21 25.67
6 7.1 8.09 24.06 32.15
7 9.0 9.77 29.04 38.81
8 11.1 11.48 34.11 45.59
9 13.4 13.20 39.22 52.42
10 15.9 14.91 44.32 59.23
11 18.5 16.52 49.11 65.64
12 21.4 18.20 54.11 72.31
13 24.4 19.77 58.75 78.52
14 27.6 21.30 63.29 84.59
15 30.9 22.71 67.49 90.19
16 34.4 24.07 71.55 95.63
17 38.1 25.39 75.48 100.87
18 41.9 26.60 79.05 105.65
19 45.9 27.75 82.47 110.22
20 50.0 28.79 85.56 114.35
20-Year Total 307.29 913.32 1,220.62
Equiv. Ann. 24.66 73.29 97.95
Tot.

Source: Calculated from Table 53, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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Table 56. Tota Cost Savings with a Fast Implementation Scenario.

Year Implementation Rate | Discounted Agency Discounted Motorist Total Discounted
(Percent) Savings (Million $) Savings Savings (Million $)
(Million $)

1 1.0 1.45 4.32 5.78

2 2.4 3.33 9.88 13.21

3 4.3 5.67 16.87 22.54
4 6.8 8.55 25.40 33.95
5 9.8 11.73 34.86 46.60

6 13.3 15.16 45.06 60.22

7 17.1 18.57 55.18 73.74

8 21.4 22.13 65.77 87.89

9 26.0 25.60 76.10 101.70
10 31.0 29.07 86.41 115.49
11 36.4 32.51 96.63 129.15
12 42.2 35.90 106.70 142.59
13 48.3 39.13 116.30 155.43
14 54.7 42.21 125.44 167.65
15 61.5 45.19 134.32 179.51
16 68.6 48.01 142.69 190.70
17 76.0 50.66 150.56 201.21
18 83.7 53.13 157.92 211.05
19 91.7 55.44 164.77 220.21
20 100.0 57.58 171.13 228.70
20-Year Total 601.02 1,786.32 2,387.33
Equiv. Ann. 48.23 143.34 191.57

Tot.

Source: Calculated from Table 53, using a5 percent discount rate. Equivalent annual totals are
calculated using afactor of 12.4622, to convert the 20 year totals into annual values.
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Cost Savings of Improved Preventative Maintenance Strategies

The condition and life of a pavement can be improved with the timely application of
appropriate preventative maintenance strategies. This section will examine the cost savings of
using chip seadls or durry seals earlier in the life of the pavement, lengthening the time before an
overlay isnecessary. For purposes of estimating the potential cost savings, it is assumed that a
typica overlay laststwelve years. Using the SHRP research, a preventative maintenance
treatment for that typical highway would be applied at seven years, lasting seven years. A second
treatment would be applied after 14 years. The second treatment, since it is applied at alower
PSI level would last an additiona five years, giving the total time between overlays of 19 years.
The 5 and 7 year treatment lives are consistent with the ranges given in the previous section
discussing maintenance strategies. Thisis compared to current practice of applying preventative
maintenance treatments later in the pavement life-cycle, at year 10, and extending the pavement
lifeto year 15 before an overlay is necessary. When each preventative maintenance treatment is
applied, it is assumed that there is a dlight increase in the PSI level of about 0.1.

The same estimates of asphalt highway mileage used in the improved asphalt binder section
are used here, with the local functional class mileage excluded. To eliminate any possibility of
double counting, the 25 percent of asphalt mileage assumed to have the incorrect binder
specificationsis also excluded. This leaves 75 percent of the asphalt highway mileage, or 697,713
miles, which is used as the base for making the cost savings estimates in this section.

Table 56 gives the calculated PSI values for each highway type over a 40 year analysis period.
A 40 year analysis period was chosen because it is consistent with the asphalt binder calculations
and allows enough time to pass that each scenario goes through at least two life cycles.

The same highway type categories from the improved binder calculations and the
MicroBENCOST PC computer program were used to make cost savings estimates of the
maintenance treatment scenarios. The PS| valuesin Table 57 were used, along with the overlay
costs in Table 61, from the section "Cost Savings of Improved Binder Specifications' and
mai ntenance costs estimated from the range of treatment costs given in the previous section
discussing maintenance strategies. Using $0.75/sy cost of a chip seal or adurry sedl,
$21,120/mile is used for each maintenance treatment in the freeway and 4-lane divided categories,
and $10,560/mile for the 2-lane undivided categories. A 40 year analysis period was used, along
with a5 percent discount rate. Since neither scenario ends alife-cycle at the end of the 40 year
analysis period, the overlay costs for the last partia cycle are prorated for the portion of the life
remaining in the analysis period. In the case of the current maintenance scenario, the last overlay
occurs with 10 years remaining in the analysis period, so 10/12 of the cost isused. In the case of
the improved maintenance scenario, the last overlay occurs with 2 years remaining, so 2/12 of the
cost isused. No maintenance treatments had to be prorated. In addition, an annual traffic growth
rate of 2.1 percent was assumed, consistent with the improved binder calculations.
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The results of the analysis for each highway typeisgivenin Table 58. Detailed
MicroBENCOST output are given in Appendix D. The agency cost savings consist of increased
maintenance costs due to more frequent treatments, more than offset by the fewer number of
required overlays. These cost savings are partialy offset by some implementation costs. These
implementation costs are based upon expert opinion and consist of some additional equipment and
additional personnel costs to conduct the tests on the timing of preventative maintenance
strategies. The motorist cost savings are broken down into two categories, delay savings and
reduction in vehicle operating costs (VOC). As expected the greatest savings are for the higher
volume facilities and much lower savings for the low-volume highways. The urban freeway for
example would generate more than $275,000 dollars per mile in motorist savings and over
$135,000 per mile in agency savings. In contrast the rural 2-lane highway would be about
$20,000 in motorist savings and $15,000 in agency savings.

In order to compare the cost savings, it is necessary to convert the total savings per milein
Table 58 to an annual cost savings. This can be done using equivaent uniform annual cost
factors. The factor for a uniform series over 40 years using a 5 percent discount rateis 17.16. By
dividing each number in Table 58 by 17.16, they can be converted into annual savings. These
annual numbers are given in Table 59. The numbers range from $23,968 for an urban freeway to
$2,060 for arura 2-lane undivided highway.

These annual cost savings per mile can then be aggregated using the total asphalt mileage that
could potentially benefit from the improved maintenance strategies. As mentioned above, 75
percent of the total asphalt mileagein the U.S. is used to calculate the total savings. The total
annual cost savings are given in Table 60. This table shows that atotal of about $3.05 billion
could be saved annually in the U.S. using the improved maintenance strategies and timing of those
strategies. Of thistotal, about $1.16 billion would represent annual agency savings, and $1.89
billion represents annual motorist savings.

The numbersin Table 60 represent the total potential annual savingsif all agencies
immediately implemented the improved maintenance strategies. These savings can only be
realized with full implementation through all state and local transportation agencies in the U.S.
That implementation process is expected to be a slow, gradual process as case studies are tried
and improvements made to the existing recommendations. Tables 61, 62, and 63 give estimates
of the total estimated benefits over 20 years assuming a slow implementation scenario, a moderate
implementation scenario, and a fast implementation scenario. The slow implementation scenario
assumes a 25 percent implementation after 20 years, the moderate implementation scenario
assumes a 50 percent implementation after 20 years, and the fast implementation scenario assumes
a 100 percent implementation occurring after 20 years. These scenarios give a reasonable range
for the expected benefits to the improved maintenance strategies as developed in SHRP. The
potential cost savings are substantial, even with these very modest implementation scenarios,
ranging from $3.36 billion to $12.61 hillion over the next twenty years. The savings to agencies
alone would range from $1.28 to $4.79 hillion in present value dollars.
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Table57. Yearly PSI Values Used for Preventative Maintenance Strategies.

Freeway 4-Lane Divided 2-Lane Undivided
Year Current Maint. Improved Maint. Current Maint. Improved Maint. Current Maint. Improved Maint

Strat. Strat. Strat. Strat. Strat. Strat

1 4.30 4.30 4.20 4.20 4.00 4.00
2 4.28 4.28 4.18 4.18 3.98 3.98
3 4.25 4.25 4.14 4.14 3.93 3.93
4 4.19 4.19 4.08 4.08 3.87 3.87
5 4.12 4.12 4.00 4.00 3.77 3.77
6 4.02 4.02 3.89 3.89 3.65 3.65
7 3.89 3.89 3.76 3.76 3.49 3.49
8 3.73 3.98 3.59 3.85 3.30 3.58
9 3.54 3.95 3.39 3.82 3.07 3.55
10 3.33 3.90 3.15 3.76 2.80 3.49
11 3.42 3.82 3.24 3.67 2.89 3.39
12 3.38 3.69 3.20 3.54 2.85 3.24
13 3.30 3.53 3.12 3.37 2.75 3.05
14 3.18 3.33 2.99 3.15 2.61 2.80
15 3.00 3.42 2.80 3.24 2.40 2.89
16 4.30 3.38 4.20 3.20 4.00 2.85
17 4.28 3.30 4.18 3.12 3.98 2.75
18 4.25 3.18 4.14 2.99 3.93 2.61
19 4.19 3.00 4.08 2.80 3.87 2.40
20 4.12 4.30 4.00 4.20 3.77 4.00
21 4.02 4.28 3.89 4.18 3.65 3.98
22 3.89 4.25 3.76 4.14 3.49 3.93
23 3.73 4.19 3.59 4.08 3.30 3.87
24 3.54 4.12 3.39 4.00 3.07 3.77
25 3.33 4.02 3.15 3.89 2.80 3.65
26 3.42 3.89 3.24 3.76 2.89 3.49
27 3.38 3.98 3.20 3.85 2.85 3.58
28 3.30 3.95 3.12 3.82 2.75 3.55
29 3.18 3.90 2.99 3.76 2.61 3.49
30 3.00 3.82 2.80 3.67 2.40 3.39
31 4.30 3.69 4.20 3.54 4.00 3.24
32 4.28 3.53 4.18 3.37 3.98 3.05
33 4.25 3.33 4.14 3.15 3.93 2.80
34 4.19 3.42 4.08 3.24 3.87 2.89
35 4.12 3.38 4.00 3.20 3.77 2.85
36 4.02 3.30 3.89 3.12 3.65 2.75
37 3.89 3.18 3.76 2.99 3.49 2.61
38 3.73 3.00 3.59 2.80 3.30 2.40
39 3.54 4.30 3.39 4.20 3.07 4.00
40 3.33 4.28 3.15 4.18 2.80 3.98
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Table 58. Discounted Cost Savings per Mile over a40 Y ear Analysis Period (Thous. $)

Urban Rura
Freeway | 4-Lane 2-Lane Freeway 4-Lane 2-Lane
Divided Undiv Divided Undiv
Agency Cost
Savings
Mnt& Ovrly 136.00 88.00 45.00 65.00 49.00 15.00
Implemen -0.04 -0.04 -0.04 -0.04 -0.04 -0.04
Total 135.96 87.96 44.96 64.963 48.96 14.96
Motorist Cost
Savings
Delay -75.69 17.76 58.89 -11.08 6.36 8.71
VOC 351.00 85.00 47.24 117.45 30.15 11.67
Total 275.31 102.76 106.13 106.37 36.51 20.38
Total Cost
Savings 411.27 190.72 151.09 171.33 85.47 35.34
Source: Output from MicroBENCOST program.
Table 59. Equivaent Uniform Annua Cost Savings per Mile ($).
Urban Rurd
Freeway | 4-Lane 2-Lane Freeway 4-Lane 2-Lane
Divided Undiv Divided Undiv
Agency Cost
Savings
Total 7,924 5,126 2,620 3,786 2,853 872
Motorist Cost
Savings
Dday -4,411 1,035 3,432 -646 371 508
vVOC 20,456 4,954 2,753 6,845 1,757 680
Total 16,045 5,989 6,185 6,199 2,128 1,188
Total Cost
Savings 23,968 11,115 8,805 9,985 4,981 2,060

Source: Calculated from Table 56.
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Table 60. Total Annual Cost Savings (Million $)

Urban Rural
Fwy | 4Ln | 2Ln | Frwy | 4Ln 2-Ln Total
Div Undiv Div Undiv
Agency Cost
Savings
Total 99.78 | 202.73 | 288.86 90.98 | 46.55 43155 | 1,160.45
Motorist Cost
Savings
Delay -55.55 40.93 | 378.35| -15.52 6.05 251.26 605.52
vVOC 257.60 | 19591 | 30350 | 16450 | 28.66 336.64 | 1,286.82
Total 202.05| 236.84| 681.86| 148.98 | 34.71 587.90 | 1,892.34
Total Cost
Savings 301.84 | 43957 | 970.71 | 239.96 | 81.26| 1,019.45| 3,052.78

Source: Calculated from Table 58, using 75 percent of total asphalt mileage in Table 63, Cost

Savings of Improved Binder Specifications.
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Table 61. Tota Cost Savings with a Slow Implementation Scenario.

Year Implementation Rate Discounted Discounted Motorist Total Discounted
(Percent) Agency Savings Savings Savings (Million $)
(Million $) (Million $)

1 1.0 11.60 18.92 30.53

2 13 14.37 23.43 37.80
3 1.8 18.95 30.90 49